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In the fal of 2014, 223,425 sockeye salmon returned to the Horsefly River in the 
Central Interior of BC. During and folowing the active spawn the river received a pulse 
of marine derived nutrients (MDN). The value of these nutrients to the functioning of 
the riverine ecosystem depends on if, where, and for what time period MDN is retained. 
Re-suspended fine bed sediment and floodplain hyporheic water were colected to 
determine the potential for MDN to be retained overwinter. During the spawn the 
proportional contribution of salmon to the fine bed sediment and associated biofilm was 
25-50%. Folowing the winter, isotopic signatures had returned to pre-spawn levels. 
MDN was also transported into the floodplain hyporheic zone. Hyporheic flow 
pathways and nutrient concentrations were found to be spatialy and temporaly 
variable. More research is needed to determine the proportional contribution of MDN to 
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Nitrogen	  (N),	  phosphorus	  (P)	  and	  carbon	  (C)	  are	  essential	  nutrients	  for	  al	  biological	  
components	  within	  a	  stream	  ecosystem	  (Ensign	  and	  Doyle	  2006).	  The	  typicaly	  
oligotrophic	  streams	  in	  the	  Pacific	  Northwest	  (PNW)	  of	  North	  America	  receive	  the	  
majority	  of	  their	  nutrients	  through	  terrestrial	  inputs	  (Gende	  et	  al.	  2002;	  Alan	  and	  
Castilo	  2007).	  The	  delivery	  of	  these	  nutrients	  into	  the	  stream	  is	  largely	  controled	  by	  
stream	  hydrology	  and	  thus	  transported	  in	  the	  downstream	  direction	  by	  overland	  
runof,	  flood	  events,	  and	  seasonal	  riparian	  leaf	  litter	  inputs	  into	  the	  main	  channel.	  
Salmon-­‐bearing	  streams	  in	  the	  PNW	  also	  receive	  a	  large	  pulse	  of	  high	  quality	  marine-­‐
derived	  nutrients	  (MDN)	  during	  the	  annual	  return	  of	  anadromous	  Pacific	  salmon	  
(Oncorhynchus	  spp.)	  to	  their	  natal	  spawning	  streams.	  Sockeye	  salmon	  (Oncorhynchus	  
nerka)	  spend	  1-­‐2	  years	  rearing	  in	  nursery	  lakes	  downstream	  of	  their	  natal	  stream	  and	  
then	  migrate	  to	  the	  ocean	  for	  1-­‐4	  years	  where	  they	  gain	  more	  than	  95%	  of	  their	  body	  
mass	  (Groot	  and	  Margolis	  1991).	  Spawning	  salmon	  are	  unlike	  other	  nutrient	  sources	  
because	  they	  travel	  upstream	  from	  a	  source	  external	  to	  the	  watershed	  boundaries	  so	  
the	  initial	  delivery	  is	  not	  directly	  reliant	  on	  the	  hydrological	  regime	  (Petticrew	  et	  al.	  
2011)	  (Figure	  1.1).	  	  
The	  annual	  salmon	  run	  is	  an	  economicaly,	  culturaly,	  and	  ecologicaly	  significant	  
event	  throughout	  the	  PNW	  and	  occurs	  between	  mid-­‐summer	  and	  late	  autumn	  in	  
interior	  streams.	  Spawning	  salmon	  chemicaly	  and	  physicaly	  alter	  the	  freshwater	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systems	  they	  return	  to.	  Dissolved	  and	  particulate	  forms	  of	  N	  and	  P	  (e.g.,	  NH4,	  NO3,	  
PO4,	  DOM,	  and	  POM)	  are	  excreted	  by	  live	  salmon	  and	  released	  during	  the	  
consumption	  and	  decay	  of	  the	  carcasses	  (Gende	  et	  al.	  2002;	  Naiman	  et	  al.	  2002;	  
Mitchel	  and	  Lamberti	  2005).	  Salmon	  are	  also	  ecosystem	  engineers	  that	  disrupt	  the	  
physical	  and	  biological	  streambed	  structure	  during	  the	  construction	  of	  their	  egg	  
nests,	  caled	  redds	  (Kondolf	  and	  Wolman	  1993;	  Montgomery	  et	  al.	  1996;	  Moore	  
2006).	  During	  redd	  construction	  fine	  bed	  sediment	  (<63μm,	  silts	  and	  clays)	  is	  re-­‐
mobilized.	  The	  removal	  of	  fine	  sediment	  from	  the	  gravel	  bed	  at	  redd	  sites	  improves	  
interstitial	  oxygen	  levels	  and	  increases	  surface-­‐to-­‐subsurface	  exchange	  (Rex	  and	  
Petticrew	  2006;	  Soulsby	  et	  al.	  2009;	  Tonina	  and	  Bufington	  2009;	  Buxton	  et	  al.	  2015).	  
Hassan	  et	  al.	  (2008)	  found	  that	  high	  numbers	  of	  spawning	  salmon	  can	  potentialy	  be	  
responsible	  for	  re-­‐mobilizing	  up	  to	  one-­‐half	  of	  the	  annual	  sediment	  flux	  in	  a	  stream.	  
Moore	  et	  al.	  (2007)	  found	  that	  a	  substantial	  increase	  in	  sediment	  exported	  from	  
streams	  was	  correlated	  with	  the	  return	  of	  spawning	  salmon.	  Controled	  experiments	  
in	  a	  re-­‐circulating	  flume	  found	  that	  fine	  sediment,	  such	  as	  that	  re-­‐suspended	  by	  
spawning	  salmon,	  formed	  flocculants	  with	  organic	  matter	  provided	  from	  decaying	  
salmon	  (Rex	  and	  Petticrew	  2010).	  The	  larger	  size	  and	  altered	  shape	  of	  the	  resulting	  
flocs	  increases	  the	  likelihood	  that	  the	  sediment-­‐associated	  MDN	  wil	  settle	  on	  the	  
streambed	  downstream	  of	  the	  disturbed	  area.	  Albers	  and	  Petticrew	  (2012)	  caled	  this	  
process	  the	  salmon	  disturbance	  regime	  and	  hypothesized	  that	  it	  was	  a	  mechanism	  for	  
the	  abiotic	  retention	  of	  MDN.	  In	  a	  controled	  experiment	  on	  an	  artificial	  spawning	  
channel	  they	  tested	  this	  hypothesis	  and	  found	  that	  biofilm,	  chlorophyl	  a	  and	  ash-­‐
free-­‐dry-­‐mass	  (AFDM)	  decreased	  at	  spawning	  sites	  during	  the	  active	  spawn,	  but	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increased	  downstream	  during	  the	  decay	  stage	  post-­‐spawn.	  Figure	  1.1	  ilustrates	  the	  
diferences	  and	  similarities	  between	  the	  movement	  of	  MDN	  and	  terrestrial	  nutrient	  
sources	  within	  a	  stream	  and	  how	  spawning	  salmon	  can	  mimic	  discharge	  as	  a	  
mechanism	  for	  the	  transport	  and	  retention	  of	  MDN.	  The	  spawn	  event	  overlaps	  with,	  
or	  is	  closely	  folowed	  by,	  the	  die-­‐of	  of	  both	  terrestrial	  and	  aquatic	  vegetation	  and	  an	  
overal	  decrease	  in	  primary	  productivity	  due	  to	  dropping	  air	  and	  water	  temperatures.	  
Therefore,	  the	  potential	  for	  MDN	  to	  significantly	  contribute	  to	  primary	  productivity	  in	  
the	  freshwater	  systems	  they	  spawn	  and	  rear	  in	  depends	  on	  location	  and	  availability	  
of	  MDN	  during	  the	  productive	  months	  (Gende	  et	  al.	  2002).	  Many	  salmon	  populations	  
are	  steadily	  declining	  and	  therefore	  furthering	  our	  understanding	  of	  the	  legacy	  efect	  
of	  semelparous	  fish	  species	  (die	  after	  spawning)	  is	  especialy	  important	  to	  ensure	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1.2 MDN	  retention	  pathways	  
	  
The	  salmon	  disturbance	  regime	  facilitates	  the	  retention	  of	  MDN	  in	  the	  streambed	  in	  
two	  ways.	  First,	  it	  provides	  the	  necessary	  components	  for	  flocculation	  to	  occur,	  and	  
second	  the	  benthic	  disturbance	  by	  salmon	  increases	  flow	  into	  and	  through	  the	  
interstitial	  spaces	  of	  the	  bed	  by	  removing	  fine	  sediments.	  Sediment-­‐associated	  MDN	  
can	  be	  removed	  from	  the	  active	  flow	  and	  retained	  by	  several	  mechanisms	  including	  
trapping	  within	  or	  assimilation	  by	  biofilm,	  consumed	  by	  benthic	  invertebrates,	  or	  
transported	  into	  the	  interstitial	  space	  and	  subsurface	  flow	  (Figure	  1.2).	  These	  
processes	  are	  facilitated	  by	  flocculation	  of	  MDN	  with	  fine	  sediments,	  which	  increases	  
its	  size	  and	  dynamic	  behavior.	  The	  area	  of	  flow	  that	  is	  directly	  underneath	  the	  
streambed	  or	  alongside	  the	  stream	  under	  the	  riparian	  area	  is	  caled	  the	  hyporheic	  
zone.	  Once	  assimilated	  into	  the	  benthic	  or	  riparian	  community,	  it	  is	  possible	  that	  the	  
MDN	  wil	  be	  retained	  within	  the	  stream	  food	  web	  across	  seasons	  and	  years.	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size,	  shape,	  and	  behavior	  (Petticrew	  and	  Arocena	  2003).	  For	  this	  reason	  the	  source	  of	  
the	  organic	  matter	  plays	  a	  role	  in	  the	  likelihood	  that	  flocculation	  wil	  occur	  and	  the	  
settling	  rate	  of	  the	  resultant	  floc.	  In	  a	  laboratory	  setting,	  Arkinstal	  (2005)	  found	  that	  
the	  dissolved	  organic	  carbon	  (DOC)	  in	  the	  water	  difered	  between	  organic	  matter	  
sources,	  and	  that	  decaying	  salmon	  matter	  produced	  larger	  and	  faster	  settling	  flocs	  
than	  breakdown	  products	  from	  algal	  matter.	  Organic	  matter	  from	  salmon	  carcasses	  is	  
more	  readily	  available	  to	  bacteria	  because	  it	  is	  considered	  to	  be	  higher	  quality	  
compared	  to	  plant	  derived	  organic	  matter	  due	  to	  the	  relatively	  low	  C	  to	  N	  ratio.	  
Bacteria	  create	  an	  extra-­‐celular	  polymeric	  matrix	  within	  the	  floc	  structure	  that	  acts	  
as	  the	  binding	  agent	  between	  the	  organic	  matter	  and	  fine	  sediment.	  Salmon	  alone	  
therefore	  contribute	  both	  of	  the	  necessary	  ingredients	  for	  the	  formation	  of	  large,	  fast-­‐
settling	  flocs,	  by	  re-­‐suspending	  fine	  sediment	  during	  redd	  construction	  and	  releasing	  
organic	  matter	  during	  decay.	  These	  flocs	  are	  more	  likely	  than	  the	  individual	  
constituent	  parts	  to	  settle	  out	  of	  the	  water	  column	  and	  onto	  the	  streambed	  
downstream	  of	  the	  spawning	  activity.	  
	  
1.2.2 MDN	  and	  the	  benthic	  community	  
Primary	  production	  in	  the	  stream	  predominantly	  occurs	  in	  the	  benthos	  or	  benthic	  
community	  (Wipfli	  et	  al.	  1998;	  Romani	  et	  al.	  2004).	  Primary	  producers	  in	  the	  stream	  
include	  algae,	  macrophytes	  (vascular	  plants),	  and	  bacteria.	  Benthic	  algae	  grow	  on	  
almost	  any	  submerged	  surface	  and	  make	  up	  the	  main	  living	  component	  of	  what	  is	  
caled	  the	  biofilm	  (a.k.a.	  periphyton	  or	  epilithon)	  (Hauer	  and	  Lamberti	  2011).	  Biofilm	  
includes	  the	  attached	  algal	  community	  and	  the	  associated	  microbes,	  bound	  organic	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matter,	  and	  trapped	  inorganic	  fine	  sediment.	  The	  benthic	  community	  also	  includes	  
the	  secondary	  producers	  that	  consume	  or	  graze	  on	  the	  biofilm,	  such	  as	  benthic	  
invertebrates	  and	  some	  fish	  species.	  	  
A	  large	  number	  of	  previous	  studies	  spanning	  multiple	  disciplines	  have	  found	  that	  the	  
biomass	  and	  productivity	  of	  the	  benthic	  community	  depends	  largely	  on	  disturbance	  
events	  such	  as	  high	  discharge	  and	  spawning	  salmon,	  as	  wel	  as	  regulating	  factors	  
including	  water	  temperature,	  light	  penetration,	  nutrient	  availability,	  and	  substrate	  
size.	  Tiegs	  et	  al.	  (2008)	  and	  Janetske	  et	  al.	  (2009)	  found	  that	  the	  biofilm	  response	  to	  
spawning	  salmon	  was	  influenced	  by	  stream	  characteristics	  such	  as	  discharge	  and	  
substrate	  sediment	  size.	  Substrate	  size	  plays	  a	  large	  role	  in	  determining	  suitable	  
habitat	  for	  the	  salmon	  redds,	  and	  thus	  where	  bed	  disturbance	  wil	  occur.	  Kondolf	  and	  
Wolman	  (1993)	  found	  that	  sockeye	  tend	  to	  spawn	  in	  substrate	  with	  a	  mean	  diameter	  
of	  22-­‐mm.	  Previous	  research	  on	  salmon-­‐bearing	  streams	  have	  found	  evidence	  that	  
spawning	  disturbance	  caused	  a	  net	  decrease	  of	  biofilm	  biomass	  during	  the	  active	  
spawn	  (Minakawa	  and	  Gara	  1999;	  Peterson	  and	  Foote	  2000;	  Moore	  et	  al.	  2004;	  
Albers	  and	  Petticrew	  2012).	  Downstream	  of	  spawning	  habitat	  and	  folowing	  the	  
active	  spawn	  MDN	  has	  been	  found	  to	  increase	  benthic	  primary	  productivity	  and	  
biofilm	  biomass	  (Johnston	  et	  al.	  2004;	  Cak	  et	  al.	  2008;	  Albers	  and	  Petticrew	  2012).	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1.2.3 The	  hyporheic	  zone	  
1.2.3.1 Hyporheic	  exchange	  
Triska	  et	  al.	  (1989)	  defined	  the	  hyporheic	  zone	  as	  the	  zone	  of	  saturated	  sediment	  that	  
lies	  beneath	  and	  alongside	  the	  stream,	  and	  contains	  between	  10	  and	  98%	  surface	  
water.	  The	  movement	  of	  water	  between	  surface	  and	  subsurface	  zones	  is	  caled	  
hyporheic	  exchange	  and	  influences	  the	  type	  and	  rate	  of	  material	  transformation	  as	  
water	  is	  moved	  downstream	  (Findlay	  1995;	  Brunke	  and	  Gonser	  1997).	  Hyporheic	  
exchange	  is	  due	  to	  hydraulic	  pressure	  gradients	  created	  by	  topographic	  and	  
streambed	  features	  that	  facilitate	  the	  lateral	  and	  longitudinal	  movement	  of	  surface	  
water	  into	  and	  through	  the	  hyporheic	  zone	  (Thibodeaux	  and	  Boyle	  1987;	  Cardenas	  et	  
al.	  2004;	  Goosef	  et	  al.	  2006).	  For	  example,	  the	  outside,	  scoured	  side	  of	  a	  meander	  
bend	  results	  in	  water	  being	  pushed	  into	  and	  under	  the	  opposite	  stream	  bank	  
(Cardenas	  2009a;	  Cardenas	  2009b).	  Also,	  streambed	  features	  such	  as	  salmon	  redds	  
increase	  turbulent	  flow	  and	  that	  can	  push	  the	  water	  downwards	  into	  the	  bed	  
(Malcolm	  et	  al.	  2004).	  	  
Preferential	  flow	  paths	  in	  the	  sediment	  matrix	  control	  the	  direction	  and	  speed	  with	  
which	  water	  travels	  through	  the	  hyporheic	  zone.	  	  Hydrology	  and	  geomorphology	  
determine	  the	  structure	  of	  the	  sediment	  matrix	  (Stanford	  and	  Ward	  1993;	  Ensign	  and	  
Doyle	  2006)	  (Figure	  1.3).	  During	  channel	  forming	  processes	  sediments	  of	  various	  
sizes	  are	  eroded,	  scoured,	  and	  deposited	  throughout	  the	  valey	  (Boano	  et	  al.	  2006).	  
The	  resulting	  sediment	  particle	  size,	  sediment	  geochemistry	  and	  structure,	  and	  
surface	  topography	  and	  vegetation	  at	  any	  given	  point	  determine	  the	  hydraulic	  
conductivity	  (K)	  and	  location	  of	  flow	  paths	  within	  the	  hyporheic	  zone	  (Jones	  and	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Mulholand	  1999;	  Wondzel	  and	  Swanson	  1999).	  Due	  to	  the	  dynamic	  nature	  of	  river	  
hydrology	  and	  geomorphology,	  the	  hyporheic	  sediment	  matrix	  is	  spatialy	  and	  
temporaly	  dynamic	  (Poole	  et	  al.	  2006).	  Water	  flowing	  through	  the	  hyporheic	  zone	  
can	  alter	  the	  sediment	  structure	  by	  transporting	  fine	  material	  into	  the	  pore	  spaces	  or	  
by	  physicaly	  shifting	  sediment,	  thus	  creating	  new	  flow	  paths	  (Arntzen	  et	  al.	  2006;	  
Stofleth	  et	  al.	  2008;	  Nowinski	  et	  al.	  2011).	  	  
The	  biological	  component	  of	  the	  hyporheic	  zone	  consists	  of	  biofilm,	  root	  systems,	  
associated	  microbial	  communities,	  and	  invertebrates	  depending	  on	  the	  available	  
habitat.	  The	  type	  of	  hyporheic	  microbial	  community	  that	  exists	  at	  any	  point	  in	  time	  
and	  space	  depends	  on	  a	  complex	  feedback	  loop	  between	  the	  physical	  structure	  and	  
geochemical	  conditions	  of	  the	  sediment	  matrix,	  the	  chemistry	  of	  the	  water	  entering	  
the	  hyporheic	  zone,	  the	  length	  of	  time	  the	  water	  remains,	  and	  the	  consumption	  of	  
oxygen	  and	  electron	  acceptors	  by	  the	  existing	  microbial	  community	  (Dahm	  et	  al.	  
1998;	  Craft	  et	  al.	  2002;	  Lowel	  et	  al.	  2009).	  Boulton	  et	  al.	  (1998),	  Wondzel	  (2011)	  and	  
Zarnetske	  et	  al.	  (2011)	  al	  found	  that	  the	  potential	  for	  nutrients	  to	  be	  transformed	  
and/or	  taken	  up	  by	  the	  biological	  community	  within	  the	  hyporheic	  zone	  was	  highly	  
correlated	  with	  water	  residence	  time.	  Therefore,	  the	  unique	  physical,	  chemical,	  and	  
biological	  environment	  found	  in	  hyporheic	  zones	  are	  al	  highly	  interconnected,	  
variable	  in	  space	  and	  time,	  and	  responsible	  for	  the	  fate	  of	  dissolved	  and	  particulate	  
nutrients	  that	  enter	  the	  hyporheic	  zone	  (Figure	  1.3).	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Figure	  1.3	  Diagram	  of	  the	  factors	  and	  interactions	  controling	  hyporheic	  exchange	  and	  the	  
resulting	  nutrient	  uptake	  and	  transformations.	  
	  
1.2.3.2 Nutrient	  cycling	  	  
Mulholand	  and	  DeAngelis	  (1999)	  surmised	  that	  the	  hyporheic	  zone	  would	  strongly	  
influence	  nutrient	  cycling	  in	  streams	  for	  two	  reasons:	  1)	  the	  high	  sediment	  surface	  
area	  to	  water	  volume	  ratio	  would	  increase	  microbial	  processing,	  and	  2)	  the	  longer	  
water	  residence	  time	  slows	  the	  downstream	  movement	  of	  soluble	  materials.	  A	  
number	  of	  studies	  have	  found	  that	  oxygen	  level,	  temperature,	  and	  dissolved	  N	  
concentrations	  al	  decreased	  as	  water	  residence	  time	  increased	  (O’Keefe	  and	  
Edwards	  2003;	  Pinay	  et	  al.	  2009;	  Zarnetske	  et	  al.	  2011).	  Oxygen	  levels	  are	  key	  to	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hyporheic	  zone	  (Figure	  1.4).	  Anaerobic	  bacteria	  are	  more	  likely	  to	  exist	  in	  finer	  
sediments	  where	  water	  travels	  more	  slowly	  through	  the	  smaler	  pore	  spaces	  (K	  =	  
0.01-­‐0.001	  cm/s),	  whereas	  nitrifying	  bacteria	  are	  more	  likely	  to	  be	  found	  in	  wel-­‐
oxygenated,	  gravely	  hyporheic	  zones	  (K	  =	  1	  -­‐	  10	  cm/s)	  (Freeze	  and	  Cherry	  1979;	  
Triska	  et	  al.	  1989).	  	  
	  
	  
Figure	  1.4	  Microbial	  metabolism	  that	  defines	  many	  of	  the	  communities	  found	  in	  natural	  
environments.	  Diagram	  was	  taken	  from	  Kirchman	  (2012).	  
	  
Ammonium	  (NH4+)	  found	  in	  streams	  is	  released	  from	  decomposing	  matter	  and	  N-­‐
fixing	  plants	  and	  bacteria,	  and	  excreted	  by	  animals	  as	  metabolic	  waste.	  When	  oxygen	  
is	  present,	  NH4+	  is	  nitrified	  to	  nitrate	  (NO3-­‐)	  (Kirchman	  2012).	  If	  oxygen	  is	  not	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during	  the	  oxidation	  of	  dissolved	  organic	  carbon	  (DOC)	  (Pinay	  et	  al.	  2003).	  
Denitrification	  converts	  NO3-­‐	  to	  nitrous	  gas	  (N2)	  or	  nitrous	  oxide	  (N2O),	  and	  therefore	  
removes	  N	  from	  the	  bioavailable	  pool.	  	  
P	  in	  aquatic	  systems	  exists	  as	  both	  dissolved	  (PO43-­‐	  and	  organic	  P),	  and	  particulate	  
forms	  such	  as	  inorganic	  complexes	  and	  detrital	  and	  celular	  matter	  (Hendricks	  and	  
White	  1999).	  Like	  N,	  hyporheic	  oxygen	  levels	  and	  the	  microbial	  community	  
influences	  whether	  the	  hyporheic	  zone	  acts	  as	  a	  sink	  or	  source	  of	  P.	  Unlike	  N,	  P	  does	  
not	  have	  a	  gaseous	  state.	  The	  fate	  of	  P	  transported	  into	  the	  hyporheic	  zone	  is	  
determined	  by	  a	  combination	  of	  biotic	  and	  abiotic	  processes	  (Vervier	  et	  al.	  2009).	  P	  
has	  a	  high	  afinity	  for	  iron	  (Fe+)	  and	  aluminum	  (Al+)	  hydroxides	  (OH-­‐)	  and	  clays	  that	  
are	  part	  of	  heterogenous	  sediment	  matrices	  (Records	  et	  al.	  2016).	  Oxygen	  increases	  
the	  likelihood	  that	  chemical	  precipitation	  wil	  occur	  between	  FeOH	  and	  PO43-­‐.	  
Biologicaly,	  PO43-­‐	  is	  released	  when	  microbes	  decompose	  organic	  matter	  and	  then	  can	  
be	  taken	  up	  by	  organisms	  for	  use	  in	  the	  biosynthesis	  of	  molecules	  such	  as	  adenosine	  
triphosphate	  (ATP)	  (Kirchman	  2012).	  Anaerobic	  conditions	  support	  the	  dissolution	  
of	  Fe-­‐PO4	  complexes	  and	  the	  release	  of	  bioavailable	  P	  back	  into	  the	  stream	  (Records	  
et	  al.	  2016).	  However,	  the	  likelihood	  that	  P	  wil	  adsorb	  onto	  the	  sediments	  or	  
assimilate	  into	  the	  biofilm	  increases	  as	  sediment	  particle	  size	  and	  flow	  velocity	  
decreases	  due	  to	  greater	  specific	  surface	  areas	  and	  longer	  contact	  times	  (Jarvie	  et	  al.	  
2002;	  King	  et	  al.	  2015).	  Typicaly,	  oxygen	  levels	  are	  positively	  correlated	  with	  flow	  
velocity.	  	  
The	  seemingly	  contradictory	  results	  found	  between	  the	  hydrological	  conditions	  of	  the	  
hyporheic	  zone	  and	  nutrient	  retention,	  combined	  with	  complex	  simultaneous	  biotic	  
Chapter	  1:	  A	  Literature	  Review	   	   	   	  14	  
and	  abiotic	  processes	  occurring,	  is	  why	  most	  studies	  have	  found	  high	  spatial	  and	  
temporal	  variability	  in	  nutrient	  form	  and	  concentration	  (Dahm	  et	  al.	  1998;	  Withers	  
and	  Jarvie	  2008;	  Records	  et	  al.	  2016).	  McClain	  et	  al.	  (2003)	  defined	  hot	  spots	  and	  hot	  
moments	  as	  patches	  of	  the	  hyporheic	  sediment	  matrix	  or	  short	  time	  frames	  that	  
exhibit	  higher	  nutrient	  concentrations	  and	  reaction	  rates	  compared	  to	  the	  
surrounding	  matrix	  and	  time.	  River	  level	  and	  velocity,	  as	  wel	  as	  the	  physical	  
sediment	  structure,	  surface	  topography,	  and	  root	  channels,	  create	  preferential	  flow	  
paths	  within	  the	  hyporheic	  zone	  where	  hot	  spots	  may	  be	  located	  (Kasahara	  and	  
Wondzel	  2003;	  McClain	  et	  al.	  2003).	  The	  transport	  of	  dissolved	  and	  particulate	  
matter	  and	  the	  reactants	  that	  influence	  nutrient	  uptake	  and	  transformation	  wil	  difer	  
along	  preferential	  flow	  paths	  compared	  to	  the	  rest	  of	  the	  hyporheic	  sediment	  matrix.	  
Seasonal	  pulses	  of	  nutrient	  inputs,	  and	  hydrological	  fluctuations	  that	  alter	  the	  degree	  
of	  saturation,	  oxygen	  levels,	  pH,	  temperature,	  and	  the	  redox	  potential	  can	  create	  hot	  
moments.	  	  
1.3 Carbon	  and	  nitrogen	  stable	  isotopes	  
	  
The	  stable	  isotopes	  of	  carbon	  (12C/13C)	  and	  nitrogen	  (14N/15N)	  have	  been	  used	  
extensively	  by	  multiple	  natural	  resource	  disciplines	  as	  a	  tool	  for	  understanding	  
trophic	  relationships,	  constructing	  diets,	  modeling	  food	  webs,	  and	  tracking	  MDN	  
through	  freshwater	  watersheds	  (Peterson	  and	  Fry	  1987;	  Johnson	  and	  Schindler	  2009;	  
Boecklen	  et	  al.	  2011).	  	  Stable	  isotopes	  have	  been	  used	  to	  study	  the	  movement	  of	  MDN	  
through	  stream	  food	  webs	  including	  consumption	  by	  terrestrial	  predators	  and	  
scavengers,	  consumption	  by	  resident	  fishes	  and	  invertebrates,	  and	  uptake	  by	  aquatic	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and	  riparian	  vegetation	  (Helfield	  and	  Naiman	  2001;	  Hicks	  et	  al.	  2005;	  Reichert	  et	  al.	  
2008;	  Reisinger	  et	  al.	  2013).	  The	  heavier	  N	  isotope	  (15N)	  is	  elevated	  compared	  to	  the	  
lighter	  isotope	  (14N)	  in	  the	  marine	  environment	  (Owens	  1987).	  Pacific	  salmon	  
therefore	  have	  a	  distinct	  isotopic	  signature	  compared	  to	  the	  freshwater	  and	  
terrestrial	  organisms.	  The	  isotopic	  signature	  is	  typicaly	  expressed	  in	  parts	  per	  mil	  
(‰)	  and	  determined	  by:	  
	  
δX	  (δ13C	  or	  δ15N)	  =	  [(Rsample	  –	  Rstandard)/Rstandard]	  x	  1000,	  	   Equation	  1	  
	  
where	  R	  is	  the	  ratio	  of	  the	  heavy	  isotope	  to	  the	  light	  isotope	  (15N/14N	  or	  13C/12C).	  The	  
standard	  for	  C	  is	  Peedee	  Belemnite	  and	  air	  for	  N	  (Bilby	  et	  al.	  1996).	  
Elevated	  δ15N	  values	  in	  an	  organism	  provide	  good	  evidence	  that	  MDN	  was	  utilized,	  
but	  nitrogen	  isotope	  signatures	  can	  also	  become	  enriched	  through	  processes	  
unrelated	  to	  salmon	  presence.	  	  Due	  to	  the	  preferential	  uptake	  of	  the	  lighter	  isotope,	  
δ15N	  in	  aquatic	  and	  terrestrial	  ecosystems	  is	  enriched	  as	  it	  moves	  up	  trophic	  levels	  or	  
is	  denitrified	  by	  microorganisms	  (Pinay	  et	  al.	  2003;	  Fry	  2006).	  Previous	  research	  has	  
shown	  that	  with	  each	  trophic	  transfer	  δ15N	  increases	  by	  1.3-­‐5.3‰	  (reviewed	  by	  
Johnson	  and	  Schindler	  2009).	  The	  enrichment	  of	  δ15N	  due	  to	  denitrification	  however,	  
would	  be	  very	  chalenging	  to	  quantify	  based	  on	  the	  high	  spatial	  and	  temporal	  
variations	  in	  microbial	  processes.	  	  
The	  carbon	  isotope	  signature	  changes	  little	  as	  it	  moves	  through	  the	  food	  web.	  In	  
contrast	  to	  δ15N	  signatures,	  δ13C	  signatures	  are	  enriched	  by	  only	  0-­‐1‰	  per	  trophic	  
level	  (Johnson	  and	  Schindler	  2009).	  For	  this	  reason	  C	  isotope	  ratios	  provide	  less	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information	  on	  the	  trophic	  position	  of	  end	  members,	  but	  more	  about	  the	  movement	  
of	  energy	  or	  sources	  through	  a	  food	  web	  (Peterson	  and	  Fry	  1987).	  	  
1.3.1 Mixing	  models	  
One	  type	  of	  stable	  isotope	  analysis	  is	  a	  mathematical	  mixing	  model.	  The	  most	  
common	  application	  of	  mixing	  models	  is	  the	  reconstruction	  of	  consumer	  diets,	  but	  
mixing	  models	  are	  also	  used	  for	  a	  number	  of	  other	  ecological	  applications,	  including	  
sediment	  fingerprinting	  (Fry	  2006;	  Philips	  2012;	  Haddadchi	  et	  al.	  2013).	  Mixing	  
models	  determine	  the	  proportional	  contribution	  of	  source	  materials/prey	  items	  by	  
comparing	  the	  isotopic	  signature	  of	  an	  end	  member	  or	  consumer	  to	  the	  isotopic	  
signatures	  of	  the	  sources.	  	  Mixing	  models	  work	  on	  the	  concept	  that	  the	  isotopic	  
signature	  of	  a	  consumer’s	  tissue	  reflects	  the	  signatures	  of	  the	  diet	  components	  
(DeNiro	  and	  Epstein	  1976).	  Unfortunately	  there	  are	  a	  number	  of	  potential	  errors	  that	  
must	  be	  corrected	  for,	  such	  as	  too	  many	  potential	  sources	  for	  the	  number	  of	  elements	  
(model	  underdetermined),	  trophic	  fractionation/discrimination	  of	  the	  source	  
material	  during	  assimilation	  and/or	  digestion,	  and	  the	  assumption	  that	  al	  sources	  
have	  relatively	  similar	  C/N	  ratios	  (Philips	  2001;	  Boecklen	  et	  al.	  2011;	  Philips	  2012).	  	  
The	  first	  mixing	  models	  developed	  were	  linear	  models	  that	  calculated	  the	  
proportional	  contribution	  of	  one	  or	  two	  sources	  using	  one	  element,	  such	  as	  δ15N	  or	  
δ13C	  (Boecklen	  et	  al.	  2011).	  A	  generic	  formula	  for	  these	  models	  is	  shown	  in	  Equation	  
2.	  	  
%	  MDN	  =	  [(SAM	  -­‐	  TEM)	  /	  (MEM	  -­‐	  TEM)]	  x	  100	   	   	   Equation	  2	  	  
	  
In	  the	  above	  equation	  SAM	  represents	  the	  sample	  isotopic	  ratio,	  TEM	  represents	  the	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terrestrial	  end	  member,	  and	  MEM	  represents	  the	  marine	  end	  member	  that	  is	  
considered	  to	  be	  100%	  MDN.	  Later	  models	  used	  two	  elements	  to	  determine	  the	  
proportional	  contribution	  of	  three	  sources.	  These	  models	  were	  based	  on	  the	  concept	  
of	  Euclidean	  distances	  in	  a	  triangle	  and	  folowed	  the	  equation:	  	  
	  
%X	  in	  diet	  =	  [(DX)	  /	  (DA’	  +	  DB’	  +	  DC’)]	  x	  100,	  	   	   	   Equation	  3	  
	  
where	  X	  represents	  one	  of	  the	  sources	  A,	  B,	  or	  C,	  and	  DX	  represents	  the	  line	  distances	  
DA’,	  DB’	  or	  DC’	  (Kline	  et	  al.	  1993).	  The	  problem	  was	  that	  these	  models	  failed	  to	  
conserve	  mass	  balances	  and	  thus	  overestimated	  rarely	  consumed	  sources	  and	  
underestimated	  commonly	  consumed	  sources.	  They	  were	  also	  not	  able	  to	  distinguish	  
sources	  that	  fel	  outside	  the	  isotopic	  range/space	  of	  the	  consumer	  (Philips	  2001).	  	  
Mixing	  models	  have	  continued	  to	  evolve	  with	  each	  subsequent	  approach	  attempting	  
to	  address	  the	  errors	  associated	  with	  prior	  models,	  and	  to	  increase	  the	  complexity	  to	  
include	  multiple	  sources	  and	  elements	  (Boecklen	  et	  al.	  2011).	  Philips	  and	  Gregg	  
(2003)	  developed	  ways	  to	  address	  underdetermined	  models	  by	  suggesting	  best	  
practices	  for	  combining	  sources.	  They	  also	  created	  the	  commonly	  used	  mixing	  model	  
IsoSource	  for	  the	  United	  States	  Environmental	  Protection	  Agency	  
(http://epa.gov/wed/pages/models.htm).	  IsoSource	  is	  a	  dual-­‐isotope,	  three-­‐source	  
linear	  mixing	  model	  that	  difered	  from	  its	  predecessors	  because	  it	  considers	  al	  
possible	  combinations	  of	  contributing	  sources	  and	  generates	  error	  estimates.	  
Currently,	  Bayesian	  mixing	  models,	  such	  as	  MixSIR,	  SIAR,	  and	  MixSIAR,	  are	  being	  
improved	  to	  better	  account	  for	  the	  potentialy	  high	  degree	  of	  natural	  variation	  in	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consumer	  and	  source	  isotopic	  signatures	  (Semmens	  et	  al.	  2009;	  Parnel	  et	  al.	  2010).	  
Al	  of	  these	  types	  of	  mixing	  models	  have	  been	  used	  to	  research	  the	  legacy	  efect	  of	  
Pacific	  salmon	  in	  freshwater	  ecosystems.	  Table	  1	  lists	  some	  of	  the	  main	  studies	  that	  
used	  mixing	  models	  to	  study	  the	  contribution	  of	  MDN	  to	  freshwater	  organisms.	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Table	  1.1	  Studies	  that	  used	  mixing	  models	  to	  determine	  proportional	  contributions	  of	  MDN	  from	  spawning	  salmon.	  
Study	   Organisms	   Model	  Type	   Model	  Form	   #	  of	  Isotopes	   MDN	  Contribution	  Findings	  









Equation	  2	   Single	  
Biofilm:	  50-­‐90%.	  Resident	  
Fish:	  29-­‐88%.	  Juvenile	  
sockeye:	  27-­‐71%	  







Equation	  3	   Dual	  
Salmon	  eggs	  and	  fry:	  0-­‐34%.	  
Littoral	  sources:	  7-­‐95%.	  
Limnetic	  sources:	  5-­‐79%	  





See	  Kline	  et	  al.	  1993	  (1)	   Single	   36-­‐85%	  alochotonous	  material	  in	  Atlantic	  salmon	  








See	  Kline	  et	  al.	  1993	  (1)	   Single	   24-­‐26%	  MDN	  in	  wilow,	  spruce	  and	  popular	  
Claeson	  et	  al.	  2005	   Biofilm	  +	  Invertebrates	   %	  MDN	  
Variation	  of	  an	  end	  member	  model	  that	  
calculated	  MDN	  contribution	  by	  
comparing	  isotopic	  ratios	  of	  the	  sam	  
organism	  in	  areas	  with	  and	  without	  
salmon.	  	  
Single	   Biofilm:	  3-­‐16%	  MDN.	  Inverts:	  8-­‐39%	  MDN	  
Hicks	  et	  al.	  2005	   Juvenile	  coho	  salmon	   IsoSource	  
Model	  includes	  al	  sources	  and	  elements	  in	  
one	  equation	  to	  conserve	  mass	  balances.	  
δ15N,	  
δ13C	  	  





sediment	   IsoSource	   See	  Hicks	  et	  al.	  2005	   Dual	  
Salmon	  made	  up	  ~40%	  
folowing	  the	  spawn.	  
Denton	  et	  al.	  2010	   Charr	  (Salvelins	  spp.)	   mixSIR	  
Bayesian	  model	  using	  R	  statistical	  software	  




30-­‐70%	  sockeye	  eggs	  +	  
colonizing	  maggots	  




SIAR	   Bayesian	  model	  using	  R	  statistical	  software	  (Parnel	  et	  al.	  2010)	  
δ15N,	  
δ13C	  	   ~50%	  salmon	  eggs	  





2 Retention	  of	  MDN	  in	  the	  Streambed	  Surface	  	  
	  
2.1 Introduction	  
Typicaly,	  interior	  streams	  in	  the	  Pacific	  Northwest	  (PNW)	  receive	  dissolved	  and	  
particulate	  organic	  matter	  from	  the	  riparian	  zone	  in	  the	  fal.	  This	  litter	  is	  retained	  
over	  winter	  on	  floodplains,	  behind	  logjams,	  in	  deep	  pools,	  and	  as	  sediment-­‐associated	  
aggregates	  that	  settle	  out	  of	  suspension	  (Droppo	  2001;	  Ensign	  and	  Doyle	  2006).	  The	  
particulate	  organic	  matter	  decays	  over	  the	  winter	  and	  is	  flushed	  out	  of	  retention	  
zones	  during	  the	  spring	  freshet	  (Minshal	  et	  al.	  2000).	  Nutrient	  and	  sediment	  inputs	  
that	  are	  retained	  over-­‐winter	  to	  be	  re-­‐mobilized	  by	  spring	  flows	  are	  available	  for	  
primary	  productivity	  during	  the	  summer	  months	  in	  the	  river	  and/or	  the	  receiving	  
lake.	  Fine	  sediment,	  also	  mobilized	  by	  the	  same	  hydrological	  processes,	  plays	  a	  large	  
role	  in	  the	  movement	  of	  dissolved	  and	  particulate	  nutrients	  in	  a	  watershed	  (Owens	  et	  
al.	  2005).	  Inorganic	  sediments	  aggregate	  with	  organic	  matter	  under	  certain	  physical,	  
biological,	  and	  chemical	  conditions	  (Droppo	  et	  al.	  1997).	  	  
Salmon-­‐bearing	  streams	  of	  the	  PNW	  also	  receive	  a	  large	  pulse	  of	  marine	  derived	  
nutrients	  (MDN)	  in	  the	  late	  summer	  and	  early	  autumn.	  An	  average	  adult	  sockeye	  
salmon	  (Oncorhynchus	  nerka)	  contains	  approximately	  73	  g	  of	  nitrogen	  (N)	  and	  12	  g	  of	  
phosphorus	  (P)	  (Mathisen	  et	  al.	  1988).	  Therefore,	  the	  225,000	  sockeye	  salmon	  
(Oncorhynchus	  nerka)	  that	  returned	  to	  spawn	  in	  the	  Horsefly	  River	  in	  the	  Central	  
Interior	  of	  British	  Columbia	  (BC)	  brought	  with	  them	  approximately	  16,000	  kg	  of	  N	  
and	  2,700	  kg	  of	  P.	  Initial	  research	  on	  how	  these	  nutrients	  are	  utilized	  within	  




freshwater	  ecosystems	  focused	  on	  the	  uptake	  of	  these	  nutrients	  by	  the	  river	  biota,	  
terrestrial	  wildlife,	  and	  riparian	  vegetation.	  More	  recently	  that	  focus	  shifted	  to	  the	  
role	  of	  spawning	  salmon	  as	  bioengineers	  that	  are	  capable	  of	  re-­‐mobilizing	  substantial	  
quantities	  of	  fine	  bed	  sediment	  during	  redd	  construction	  (Gottesfeld	  et	  al.	  2004;	  
Moore	  and	  Schindler	  2008;	  Hassan	  et	  al.	  2008;	  Albers	  and	  Petticrew	  2013).	  This	  
behaviour	  provides	  a	  mechanism	  for	  nutrient	  retention	  through	  flocculation	  
(Petticrew	  and	  Arocena	  2003,	  Rex	  and	  Petticrew	  2008;	  Albers	  and	  Petticrew	  2013).	  
Sediment-­‐associated	  MDN	  are	  retained	  in	  the	  stream	  because	  the	  altered	  size	  and	  
shape	  of	  the	  floc	  from	  the	  constituent	  particles	  causes	  it	  to	  settle.	  Once	  on	  the	  
streambed	  it	  is	  more	  likely	  to	  be	  entrained	  in	  the	  biofilm	  and/or	  transported	  into	  the	  
substrate	  interstitial	  zones,	  than	  be	  flushed	  downstream	  (Petticrew	  and	  Droppo	  
2000;	  Wotton	  2007).	  	  
A	  number	  of	  previous	  studies	  found	  evidence	  that	  MDN	  is	  taken	  up	  by	  the	  biofilm	  
(Wipfli	  et	  al.	  1998;	  Johnston	  et	  al.	  2004;	  Cak	  et	  al.	  2008;	  Tiegs	  et	  al.	  2008;	  Albers	  and	  
Petticrew	  2012).	  The	  length	  of	  time	  that	  MDN	  is	  retained	  on	  the	  streambed	  surface,	  
and	  what	  physical	  stream	  characteristics	  facilitate	  the	  retention	  is	  unclear	  (Tiegs	  et	  al.	  
2008;	  Albers	  and	  Petticrew	  2013).	  The	  length	  of	  time	  any	  individual	  floc	  wil	  remain	  
on	  the	  streambed	  depends,	  in	  the	  broadest	  sense,	  on	  hydrological,	  seasonal	  (i.e.	  
temperature	  and	  light),	  and	  microscale	  spatial	  conditions	  that	  control	  the	  uptake	  and	  
release	  by	  aquatic	  organisms	  and	  scouring	  of	  the	  benthos	  (Battin	  2000).	  	  
The	  objective	  of	  this	  project	  was	  to	  take	  a	  broad	  spatial	  and	  temporal	  approach	  to	  
investigate	  the	  seasonal	  retention	  of	  sediment-­‐associated	  MDN	  in	  the	  Horsefly	  River	  
bed	  (Figure	  2.1).	  This	  project	  took	  knowledge	  gained	  from	  previous	  studies	  that	  had	  




been	  undertaken	  prior	  to	  and	  including	  the	  salmon	  disturbance	  regime	  as	  a	  
mechanism	  for	  MDN	  retention,	  and	  applied	  it	  to	  the	  scale	  of	  an	  entire	  natural	  river	  
over	  a	  one-­‐year	  timeframe.	  The	  river	  was	  sampled	  starting	  above	  a	  natural	  salmon	  
barrier	  and	  continued	  down	  to	  near	  the	  mouth	  of	  the	  river.	  Sampling	  started	  prior	  to	  
a	  peak	  return	  spawn	  event	  and	  stopped	  just	  before	  the	  folowing	  generation	  of	  
spawners	  began	  returning.	  This	  approach	  alowed	  for	  both	  spatial	  and	  temporal	  
controls.	  Instead	  of	  testing	  specific	  hypotheses,	  one	  broad	  research	  question	  related	  
to	  the	  retention	  and	  movement	  of	  MDN	  in	  the	  bed	  sediment	  was	  explored.	  	  
	  
	  







































2.1.1 Research	  question	  
Is	  MDN	  retained	  overwinter	  in	  the	  fine	  bed	  sediment	  and	  associated	  biofilm?	  The	  C	  
and	  N	  isotopic	  signatures	  combined	  with	  other	  physical	  and	  chemical	  sediment	  
characteristics	  were	  used	  to	  track	  the	  seasonal	  MDN	  signal	  in	  the	  fine	  bed	  sediment	  at	  
seven	  sites	  along	  the	  length	  of	  the	  channel.	  The	  selected	  sites	  difered	  in	  the	  quality	  
and	  quantity	  of	  upstream	  spawning	  habitat,	  the	  surface	  substrate	  size,	  and	  the	  
morphology.	  	  A	  dual-­‐isotope	  Bayesian	  mixing	  model	  was	  used	  to	  estimate	  the	  
proportional	  contribution	  of	  MDN	  compared	  to	  various	  other	  terrestrial	  and	  aquatic	  
nutrient	  sources.	  The	  retention	  and	  transformation	  of	  riverine	  nutrients	  depends	  
partialy	  on	  the	  distance	  from	  the	  nutrient	  source	  and	  reach	  specific	  characteristics	  
(Vanotte	  et	  al.	  1980).	  Many	  studies	  have	  found	  that	  the	  density	  of	  salmon	  spawning	  
upstream	  is	  a	  strong	  predictor	  of	  the	  response	  of	  downstream	  biota	  to	  MDN	  
(reviewed	  in	  Janetske	  et	  al.	  2009).	  Thus	  additional	  research	  questions	  were:	  Does	  the	  
response	  in	  the	  bed	  sediment	  difer	  between	  sites?	  If	  so,	  can	  this	  diference	  be	  
attributed	  to	  certain	  spatial	  and/or	  hydrological	  conditions?	  
2.2 Methods	  
2.2.1 Site	  description	  
The	  Horsefly	  River	  is	  located	  in	  the	  Cariboo	  region	  of	  Central	  Interior	  BC.	  The	  river	  
runs	  from	  the	  headwaters	  in	  the	  Cariboo	  Mountains	  through	  the	  town	  of	  Horsefly	  and	  
drains	  into	  Horsefly	  Bay	  on	  Quesnel	  Lake	  (Figure	  2.2).	  The	  Horsefly	  River	  is	  215	  km	  
long,	  has	  a	  Strahler	  stream	  order	  of	  6,	  and	  is	  fed	  by	  a	  2765	  km2	  watershed	  (BC	  
Watershed	  Atlas,	  2011).	  The	  flow	  regime	  is	  snowmelt	  dominated	  and	  therefore	  




exhibits	  high	  seasonal	  variability,	  with	  historical	  mean	  peak	  discharges	  of	  




Figure	  2.2	  Overview	  map	  of	  the	  location	  of	  the	  Horsefly	  River	  study	  sites	  within	  the	  watershed.	  	  
	  
2.2.2 Sampling	  design	  and	  site	  characteristics	  
From	  August	  11th,	  2014	  to	  August	  20th,	  2015	  279	  re-­‐suspended	  channel	  bed	  surface	  
sediment	  samples	  and	  13	  suspended	  sediment	  samples	  were	  colected	  from	  seven	  
sampling	  sites	  during	  25	  sampling	  events.	  The	  seven	  sites	  were	  spread	  over	  
approximately	  130-­‐km	  of	  the	  Horsefly	  River	  (Figure	  2.2).	  The	  most	  upstream	  site,	  AF,	  






















!( Resuspension Sample Sites


















spatial	  control	  for	  sites	  below	  the	  fals.	  The	  furthest	  downstream	  site	  was	  
approximately	  20-­‐km	  upstream	  of	  Horsefly	  Bay	  on	  Quesnel	  Lake.	  The	  sites	  were	  
selected	  depending	  on	  vehicle	  access,	  substrate,	  stream	  morphology,	  and	  spacing	  
along	  river	  channel.	  River	  level	  and	  discharge	  were	  recorded	  at	  two	  Environment	  
Canada	  hydrometric	  gauging	  stations,	  one	  located	  just	  downstream	  of	  MC	  and	  one	  at	  
the	  mouth	  of	  the	  river	  (Figure	  2.2).	  River	  level	  and	  temperature	  were	  also	  recorded	  
using	  Onset	  pressure	  transducers	  (HOBO)	  that	  recorded	  water	  pressure	  and	  
temperature	  at	  30-­‐minute	  intervals.	  One	  HOBO	  was	  instaled	  at	  the	  floodplain	  and	  the	  
second	  approximately	  10-­‐km	  upstream	  of	  the	  river	  mouth.	  Table	  2.1	  below	  lists	  the	  


















Table	  2.1	  Channel	  bed	  re-­‐suspension	  site	  characteristics.	  




Habitat	   d50	  
Wentworth	  












bank	  (~3	  m).	  
Shrub	  layer	  along	  
edge,	  conifer	  
dominated	  forest	  
~10	  m	  of	  bank.	  
NA	   NA	   Coarse	  gravel	  
1	   Eddy	  
2	   Run	  
MC	  
Site	  is	  located	  


















habitat	  at	  site,	  




29	   Coarse	  gravel	  
1	   Run	  
2	   Run	  
ST	  
On	  private	  
hay	  field	  and	  
fal	  grazing	  
land	  














22	   Medium-­‐coarse	  gravel	  
1	   Eddy	  







riparian	  area.	  Site	  











<2	   Sand	  
1	   Meander	  










overhanging	  2	  m	  
into	  river.	  
No	  spawning	  





110	   Medium	  cobble	  
1	   Slow	  Run	  


















habitat	  at	  site,	  





46	   Coarse	  gravel	  
1	   Run	  






















26	   Coarse	  gravel	  
1	   Slow	  Run	  
2	   Run	  
	  




2.2.3 Bed	  sediment	  colection	  and	  analysis	  
Fine-­‐grained	  channel	  bed	  sediment	  was	  re-­‐suspended	  using	  an	  open-­‐bottom	  cylinder	  
of	  known	  volume.	  The	  cylinder	  was	  placed	  on	  the	  bottom	  of	  the	  river	  so	  that	  the	  
water	  within	  it	  was	  sealed	  of	  from	  flow,	  then	  the	  bed	  substrate	  was	  vigorously	  
disturbed	  using	  a	  stainless	  steel	  shovel	  to	  a	  depth	  of	  10-­‐cm.	  The	  sand	  was	  left	  to	  settle	  
for	  10-­‐seconds	  and	  then	  the	  top	  10-­‐cm	  of	  the	  water	  was	  sampled	  into	  a	  20-­‐L	  bucket.	  
The	  material	  sampled	  included	  suspended	  sediment	  (suspended	  sediment)	  plus	  the	  
fine	  benthic	  sediment	  and	  associated	  organic	  matter	  and	  biofilm.	  The	  method	  is	  
similar	  to	  that	  described	  by	  Hauer	  and	  Lamberti	  (2011)	  and	  closely	  resembles	  the	  
method	  used	  by	  McConnachie	  and	  Petticrew	  (2006).	  This	  procedure	  was	  repeated	  
twice	  at	  each	  sample	  site	  within	  5-­‐m	  from	  one	  another,	  but	  not	  necessarily	  in	  the	  
same	  stream	  morphology	  (Table	  2.1).	  During	  the	  spawn	  period,	  re-­‐suspensions	  at	  MC,	  
ST,	  TOWN,	  and	  RAT	  were	  performed	  closer	  to	  the	  bank	  to	  avoid	  disturbing	  active	  
spawners	  or	  egg	  deposits.	  	  
In	  the	  laboratory,	  the	  resuspension	  sample	  was	  thoroughly	  stirred	  and	  two	  50-­‐mL	  
sub-­‐samples	  were	  taken.	  One	  sub-­‐sample	  was	  used	  to	  determine	  the	  concentration	  of	  
sediment	  and	  the	  other	  was	  retained	  for	  particle	  size	  analysis.	  The	  buckets	  were	  then	  
left	  to	  settle	  overnight.	  Once	  settled,	  excess	  water	  was	  siphoned	  of,	  and	  the	  
remaining	  sample	  was	  poured	  into	  a	  50-­‐mL	  centrifuge	  tube	  and	  centrifuged	  for	  45	  
minutes	  at	  3000	  rpm.	  Sediment	  being	  used	  for	  isotope	  analysis	  was	  frozen	  at	  -­‐20°C.	  
Particle	  size	  sediment	  samples	  were	  kept	  refrigerated	  until	  analysis.	  Samples	  used	  to	  
determine	  sediment	  concentration	  were	  analyzed	  within	  24-­‐hrs	  of	  sampling.	  
From	  May	  14th	  to	  June	  18th	  of	  2015,	  resuspensions	  were	  not	  possible	  due	  to	  high	  




water	  levels.	  During	  the	  freshet	  suspended	  sediment	  was	  sampled	  by	  colecting	  and	  
settling	  four	  to	  eight	  20-­‐L	  buckets	  at	  three	  or	  four	  of	  the	  seven	  sites.	  The	  capacity	  of	  
the	  vehicle	  used	  to	  transport	  samples	  was	  18	  buckets,	  and	  therefore	  the	  number	  of	  
sites	  sampled	  each	  time	  depended	  on	  the	  amount	  of	  water	  required	  at	  each	  site	  to	  get	  
a	  suficient	  amount	  of	  suspended	  matter.	  The	  control	  site	  (AF)	  and	  the	  furthest	  
downstream	  site	  (RAT)	  were	  always	  sampled,	  as	  wel	  as	  either	  MC	  or	  ST	  depending	  
on	  access	  options	  with	  the	  flood	  conditions.	  On	  May	  21st	  and	  28th	  water	  was	  turbid	  
enough	  to	  be	  able	  to	  sample	  at	  four	  sites,	  so	  site	  106KM	  was	  also	  sampled.	  This	  
method	  of	  colecting	  suspended	  sediment	  continued	  until	  the	  water	  cleared	  and	  the	  
water	  level	  was	  low	  enough	  to	  resume	  the	  colection	  of	  re-­‐suspension	  samples	  (June	  
18th).	  	  
Stream	  observations	  that	  were	  recorded	  for	  each	  sample	  site	  include	  bed	  texture	  
using	  the	  Wolman	  (1954)	  methodology,	  and	  stream	  morphology.	  A	  minimum	  of	  100	  
pebbles	  was	  counted	  for	  the	  Wolman	  pebble	  count	  by	  zig-­‐zagging	  randomly	  through	  
an	  area	  large	  enough	  to	  cover	  both	  resuspension	  sample	  locations	  at	  each	  site.	  The	  
substrate	  between	  the	  two	  samples	  at	  each	  site	  was	  not	  diferent	  enough	  to	  warrant	  a	  
separate	  pebble	  count	  for	  each.	  Substrate	  at	  each	  site	  was	  classified	  using	  Wentworth	  
substrate	  classification	  groups	  and	  the	  d50	  from	  the	  Wolman	  pebble	  count.	  Al	  sites,	  
except	  ST	  (medium	  gravel),	  BR	  (sand),	  and	  106KM	  (medium	  cobble),	  were	  classified	  
as	  coarse	  gravel.	  
2.2.4 Source	  material	  colection	  
Source	  materials	  were	  considered	  to	  be	  any	  organic	  matter	  from	  the	  channel	  or	  
riparian	  area	  that	  would	  likely	  contribute	  to	  the	  bed	  sediment.	  Sampling	  occurred	  




during	  the	  summer	  before	  and	  after	  the	  spawn	  as	  wel	  as	  during	  the	  spawn.	  Not	  al	  
material	  was	  available	  during	  both	  the	  summer	  and	  spawn	  due	  to	  the	  die-­‐of	  of	  
vegetation	  in	  the	  autumn.	  Material	  colected	  included	  live	  (pre-­‐spawn)	  and	  dying	  
leaves	  (spawn)	  from	  riparian	  shrubs,	  riparian	  herbaceous	  plants,	  aquatic	  vegetation,	  
algae,	  bank	  soil	  and	  riparian/floodplain	  surface	  soil,	  invertebrates,	  cow	  manure,	  
Canada	  goose	  feces,	  and	  sockeye	  salmon	  (Table	  2.2).	  One	  whole	  partialy	  decayed	  
sockeye	  salmon	  was	  colected	  from	  the	  floodplain.	  The	  sockeye	  was	  separated	  into	  
the	  organs,	  eggs,	  and	  tissue.	  Al	  of	  the	  remaining	  sockeye	  salmon	  samples	  were	  smal	  
tissue	  plugs	  removed	  from	  carcasses	  located	  along	  the	  length	  of	  the	  channel.	  
Invertebrates	  were	  colected	  using	  a	  Surber	  kick	  net	  with	  the	  goal	  of	  simply	  obtaining	  
enough	  mass	  for	  analysis.	  The	  entire	  area	  upstream	  of	  the	  net	  was	  thoroughly	  
disturbed	  with	  the	  toe	  of	  a	  boot	  and	  then	  larger	  rocks	  were	  individualy	  picked	  up	  
and	  scoured	  by	  hand.	  This	  was	  repeated	  as	  many	  times	  as	  necessary.	  Any	  
invertebrates	  found	  on	  rocks	  at	  the	  site	  were	  also	  included	  in	  the	  sample.	  At	  the	  
laboratory,	  the	  invertebrates	  colected	  from	  each	  site	  were	  counted	  by	  number	  of	  EPT	  
(ephemeroptera,	  plecoptera	  and	  tricoptera)	  per	  sample.	  This	  was	  done	  in	  case	  there	  
were	  large	  diferences	  in	  isotopic	  signatures	  between	  sites	  that	  could	  be	  accounted	  
for	  by	  the	  diferent	  invertebrate	  feeding	  groups.	  Table	  2.2	  includes	  these	  count	  
numbers	  in	  brackets	  beside	  the	  scientific	  names.	  Biofilm	  material	  was	  incorporated	  
within	  the	  resuspension	  samples	  and	  so	  was	  not	  included	  as	  a	  separate	  source	  
material.	  
	  




Table	  2.2	  Table	  of	  source	  material	  colected	  along	  the	  Horsefly	  River	  channel.	  Location	  MC-­‐BR	  refers	  	  	  	  
to	  a	  canoe	  sampling	  trip	  that	  occurred	  between	  resuspension	  site	  MC	  and	  BR.	  Numbers	  in	  















Onchorhychus nerka  
1 Floodplain Eggs 
Body, head, tail  









Phylum annelida (8)           
Plecoptera (2) 
Ephemeroptera (15) 
Tricoptera (3)  






Hemioptera (1)  4 
AF, ST and RAT 
& BR 
Spawn Unsorted mix of EPT 
Ephemeroptera, 






types Unknown  6 









Buttercup Ranunculus aquatilis 2 
MC, MC-BR, 
below BR & AF  Tapegrass Valisneria americana 2 Pondweed Potamogeton spp. 5 
Waterweed Elodea spp. 5 
Riparian 
Vegetation 
Pre-spawn Horsetail                  Equisetum arvense 6 
MC-BR, BR, 
106KM, RAT & 
AF  
Spawn Moss Bryophyte spp.  4 MC-BR, 106KM & RAT 
Pre-spawn 
+ spawn 
Grass - native 
species and 
Canary Reed 
Grass spp. 3 MC-BR, 






Wilow Salix spp. 4 
AF, MC, BR, 
106KM, RAT 
Alder Alnus sitka 4 
Red-osier 
dogwood Cornus stolonifera  4 
Spirea Spirea spp. 1 





    5 MC-BR & floodplain  
Feces 
Spawn Cow Manure   2 Floodplain & RAT  
Spawn Goose  2 Floodplain 
	  




2.2.5 Laboratory	  analysis	  
2.2.5.1 	  Sediment	  characteristics	  
The	  50-­‐mL	  sub-­‐sample	  colected	  from	  the	  resuspension	  bucket	  was	  vacuum	  filtered	  
through	  a	  pre-­‐ashed	  and	  pre-­‐weighed	  Whatman®	  glass-­‐fibre	  filter	  then	  dried	  for	  24-­‐
hrs	  at	  60°C.	  The	  sample	  was	  then	  ashed	  for	  1-­‐hr	  at	  550°C.	  The	  dry	  and	  ashed	  weights	  
were	  used	  to	  calculate	  the	  grams	  of	  sediment	  per	  m2	  of	  riverbed,	  the	  ash-­‐free-­‐dry	  
mass	  (gAFDM/m2),	  and	  the	  ratio	  of	  organic	  to	  inorganic	  matter	  (OMR)	  (Hauer	  and	  
Lamberti	  2011).	  Particle	  size	  analysis	  was	  undertaken	  on	  a	  Malvern	  Mastersizer	  
3000®.	  The	  Malvern	  was	  used	  to	  determine	  both	  aggregated	  and	  dispersed	  particle	  
size	  distributions	  and	  summary	  parameters	  including	  d10,	  d50,	  d90,	  and	  specific	  surface	  
area	  (SSA	  =	  m3/kg).	  Due	  to	  varying	  storage	  times	  particles	  were	  considered	  to	  be	  
aggregated	  rather	  than	  truly	  efective.	  The	  average	  of	  three	  iterations	  with	  the	  
Malvern	  was	  used	  as	  the	  final	  value.	  After	  the	  first	  three	  iterations	  the	  same	  sample	  
was	  sonicated	  for	  2-­‐minutes	  at	  90%	  power	  (45W)	  to	  disperse	  al	  aggregates,	  folowed	  
by	  three	  more	  iterations	  on	  the	  dispersed	  sample	  (Koiter	  et	  al.	  2013).	  This	  method	  
alowed	  for	  direct	  comparison	  of	  the	  aggregated	  and	  dispersed	  particle	  sizes	  (with	  A.J.	  
Koiter,	  pers.	  comm.).	  The	  “floc	  factor”	  was	  calculated	  by	  dividing	  the	  aggregated	  d50	  
by	  the	  dispersed	  d50	  (McConnachie	  and	  Petticrew	  2006).	  	  
2.2.5.2 Stable	  isotope	  analysis	  and	  MDN	  load	  
Sediment	  samples	  (re-­‐suspended	  and	  suspended),	  and	  source	  material	  were	  analyzed	  
for	  δ15N,	  δ13C,	  %C,	  and	  %N.	  The	  frozen	  samples	  were	  freeze-­‐dried,	  homogenized	  (bal	  
grinder	  or	  mortar	  and	  pestle),	  weighed,	  and	  packed	  into	  5	  x	  10-­‐mm	  tin	  capsules.	  The	  




prepared	  samples	  were	  shipped	  to	  the	  University	  of	  California	  Davis	  Isotope	  Lab	  for	  
analysis	  with	  an	  elemental	  analyzer	  interfaced	  to	  a	  continuous	  flow	  isotope	  ratio	  
mass	  spectrometer	  (IRMS).	  Isotopic	  enrichment	  was	  expressed	  as	  δ13C	  or	  δ15N,	  which	  
refers	  to	  the	  deviation	  values	  from	  a	  standard	  in	  parts	  per	  thousand	  (Hauer	  and	  
Lamberti	  2011).	  Delta	  values	  are	  determined	  as	  folows:	  
 
δX	  (δ13C	  or	  δ15N)	  =	  [(Rsample	  –	  Rstandard)/Rstandard]	  x	  1000	  	   Equation	  1	  
	  
where	  R	  is	  the	  ratio	  of	  the	  heavy	  isotope	  to	  the	  light	  isotope	  (15N/14N	  or	  13C/12C).	  The	  
standard	  for	  C	  is	  Peedee	  Belemnite	  and	  air	  for	  N	  (Bilby	  et	  al.	  1996).	  The	  δ15N	  
provided	  in	  the	  above	  calculation	  was	  also	  worked	  backwards	  to	  obtain	  the	  mass	  (g)	  
of	  15N	  in	  1-­‐g	  of	  sample.	  This	  value	  combined	  with	  the	  concentration	  of	  sediment	  was	  
used	  to	  calculate	  MDN	  load	  as	  15N/m2	  of	  riverbed.	  The	  %N	  and	  %C	  values	  were	  used	  
to	  determine	  the	  molar	  ratios	  of	  C	  to	  N	  (C/N	  ratio).	  
2.2.6 Statistical	  analysis	  
2.2.6.1 Spatial	  and	  temporal	  diferences	  
Linear	  mixed-­‐efects	  models	  were	  used	  to	  evaluate	  spatial	  and	  temporal	  diferences	  
in	  the	  isotopic	  composition	  of	  the	  fine	  bed	  sediment	  colected	  during	  the	  summer	  and	  
fal	  of	  2014	  and	  the	  spring	  and	  summer	  of	  2015.	  The	  explanatory	  variables	  were	  the	  
season	  (pre-­‐spawn,	  spawn,	  post-­‐spawn,	  and	  post-­‐freshet)	  and	  sample	  site.	  Seasons	  
were	  determined	  based	  on	  presence	  of	  salmon	  in	  the	  river	  and	  timing	  of	  the	  freshet.	  
The	  fixed	  efects	  for	  the	  models	  were	  the	  averaged	  values	  for	  δ15N	  and	  δ13C	  of	  the	  two	  




bed	  sediment	  samples	  colected	  at	  each	  site	  during	  each	  sample	  date.	  Wilcox	  Signed	  
Rank	  tests	  were	  used	  to	  determine	  that	  the	  two	  samples	  colected	  at	  each	  site	  during	  
each	  visit	  were	  not	  significantly	  diferent	  from	  each	  other	  and	  were	  therefore	  
averaged	  to	  remove	  the	  sample	  number	  as	  a	  random	  efect.	  	  Sample	  date	  was	  the	  only	  
remaining	  random	  efect	  due	  to	  repeated	  sampling	  at	  each	  site	  per	  season.	  The	  fixed	  
efects	  were	  evaluated	  for	  normality,	  homogeneity	  and	  spatial	  independence.	  
Variables	  that	  did	  not	  meet	  the	  assumption	  of	  normality	  were	  transformed	  prior	  to	  
analysis.	  Spatial	  independence	  was	  determined	  using	  autocorrelation	  functions.	  A	  
post	  hoc	  test	  developed	  for	  mixed-­‐efects	  models	  using	  a	  Tukey	  adjustment	  was	  used	  
to	  evaluate	  contrasts	  between	  pairs	  of	  seasons	  and	  sites.	  Al	  statistical	  analysis	  was	  
carried	  out	  using	  R	  software	  (R	  Core	  Team	  2016;	  packages:	  lmertest,	  lsmeans).	  
2.2.6.2 Correlations	  
Pearson’s	  product-­‐moment	  and	  Spearman	  rho	  correlations	  were	  used	  to	  further	  
investigate	  diferences	  in	  trends	  found	  between	  upstream	  and	  downstream	  sites.	  
Data	  from	  upstream	  and	  downstream	  sites	  were	  grouped	  by	  substrate,	  but	  not	  
averaged	  by	  site	  or	  sample	  date.	  Sediment	  δ15N	  and	  δ13C	  was	  tested	  for	  correlation	  
with:	  1)	  C/N	  ratio,	  2)	  OMR,	  3)	  AFDM	  (g/m2),	  4)	  MDN	  load	  (grams	  of	  15N/m2),	  5)	  the	  
floc	  factor,	  and	  6)	  river	  discharge	  (m3/s).	  Discharge	  measurements	  were	  from	  the	  
Environment	  Canada	  hydrometric	  stations	  located	  just	  upstream	  of	  McKinley	  Creek	  
and	  Horsefly	  Bay	  (waterofice.ec.gc.ca,	  station	  number	  08KH010	  and	  08KH031).	  	  




2.2.6.3 Stable	  isotope	  analysis	  in	  R	  mixing	  model	  (MixSIAR)	  	  
The	  seasonal	  contribution	  of	  spawning	  sockeye	  salmon	  to	  the	  bed	  sediment	  was	  
estimated	  with	  MixSIAR,	  a	  Bayesian	  mixing	  model	  created	  for	  use	  in	  the	  statistical	  
software	  R	  (Stock	  and	  Semmens	  2013).	  The	  Bayesian	  framework	  of	  MixSIAR	  fits	  
models	  hierarchicaly	  using	  a	  Markov	  Chain	  Monte	  Carlo	  (MCMC)	  method,	  and	  can	  
include	  uncertainty	  in	  the	  sources	  used,	  such	  as	  difering	  elemental	  concentrations	  
and	  trophic	  enrichment	  as	  wel	  as	  incorporating	  fixed	  and	  random	  efects	  (Semmens	  
et	  al.	  2009;	  Parnel	  et	  al.	  2013).	  The	  “consumers”	  in	  the	  mixing	  model	  was	  the	  
sediment	  colected	  at	  each	  site.	  A	  separate	  model	  was	  run	  just	  for	  AF.	  The	  “prey”	  was	  
the	  source	  material	  colected	  along	  the	  channel.	  Only	  material	  colected	  at	  AF	  was	  
used	  for	  that	  specific	  model.	  The	  distribution	  of	  the	  isotopic	  signature	  of	  al	  source	  
material	  colected	  was	  plotted	  against	  the	  sediment	  samples	  (Figure	  2.3)	  to	  
determine	  relative	  distributions.	  The	  model	  has	  dificulty	  distinguishing	  between	  the	  
relative	  proportions	  of	  sources	  that	  fal	  close	  to	  one	  another	  in	  isotopic	  space.	  
Reducing	  the	  number	  of	  sources	  strengthens	  the	  mixing	  model	  by	  limiting	  the	  
number	  of	  overlapping	  source	  distributions	  (Philips	  and	  Gregg	  2003;	  Parnel	  et	  al.	  
2010).	  Based	  on	  the	  plotted	  isotopic	  distributions	  and	  an	  understanding	  of	  basic	  river	  
ecology,	  five	  sources	  were	  removed	  and	  the	  remaining	  sources	  were	  grouped	  into	  
four	  categories.	  The	  five	  sources	  removed	  were	  algae,	  invertebrates,	  feces,	  moss,	  and	  
bank	  soil.	  Algae	  was	  removed	  for	  two	  reasons:	  1)	  there	  was	  very	  high	  within	  group	  
variation	  of	  δ13C	  values	  due	  to	  two	  samples	  colected	  from	  a	  natural	  spring	  tributary	  
(France	  1995),	  and	  2)	  there	  was	  only	  one	  sample	  colected	  from	  below	  the	  fals	  aside	  
from	  the	  questionable	  tributary	  samples.	  





	  Figure	  2.3	  Al	  source	  material	  colected	  along	  the	  Horsefly	  River	  between	  AF	  and	  RAT.	  Dots	  
represent	  re-­‐suspended	  and	  suspended	  sediment	  samples.	  Grey	  dots	  are	  samples	  
colected	  from	  upstream	  sites	  (MC,	  ST,	  and	  BR),	  black	  dots	  are	  from	  downstream	  sites	  
(106KM,	  TOWN,	  and	  RAT),	  and	  pink	  dots	  are	  from	  the	  control	  site	  (AF).	  Middle	  of	  cross	  
for	  source	  material	  represents	  the	  mean	  and	  the	  crossbars	  represent	  the	  standard	  
deviation.	  
	  
The	  isotopic	  distribution	  of	  feces	  was	  closely	  associated	  with	  riparian	  vegetation,	  
which	  was	  likely	  a	  dominant	  food	  source	  of	  cow	  and	  goose.	  Moss	  was	  removed	  
because	  the	  distribution	  fel	  far	  to	  the	  left	  (higher)	  of	  the	  δ13C	  range	  of	  other	  riparian	  
herbaceous	  vegetation,	  and	  further	  from	  the	  sediment	  than	  the	  riparian	  vegetation.	  
For	  these	  reasons	  feces	  and	  moss	  were	  both	  removed.	  Invertebrates	  were	  removed	  
because	  they	  likely	  contributed	  a	  smal	  overal	  volume	  to	  the	  sediment	  relative	  to	  the	  
other	  sources.	  Also	  invertebrates	  would	  be	  consuming	  the	  sediment-­‐associated	  




















although	  it	  is	  a	  significant	  source	  to	  the	  channel	  bed	  sediment,	  it	  was	  considered	  to	  be	  
a	  potential	  known	  base	  material	  that	  would	  already	  have	  incorporated	  many	  of	  the	  
source	  materials	  been	  tested.	  Source	  material	  was	  not	  grouped	  by	  season	  for	  two	  
reasons.	  The	  first	  reason	  was	  that,	  other	  than	  for	  invertebrates,	  isotopic	  signatures	  
did	  not	  difer	  considerably	  between	  seasons.	  The	  second	  reason	  was	  that	  not	  al	  
source	  materials	  were	  colected	  during	  both	  spawn	  and	  summer.	  
No	  corrections	  for	  trophic	  enrichment	  or	  concentration	  dependence	  were	  used	  in	  the	  
models.	  	  There	  are	  no	  data	  to	  support	  or	  refute	  that	  sediment	  wil	  preferentialy	  bind	  
with	  the	  lighter	  C	  and	  N	  isotopes,	  and	  the	  level	  of	  enrichment	  occurring	  in	  the	  biofilm	  
would	  be	  minimal	  and	  hard	  to	  quantify.	  Concentration	  dependence	  is	  a	  concern	  if	  the	  
elemental	  concentrations	  of	  the	  source	  materials	  difer	  significantly,	  and	  if	  the	  
consumer	  metabolizes	  C	  and	  N	  diferently.	  The	  concentration	  of	  C	  and	  N	  between	  the	  
source	  materials	  did	  difer,	  but	  the	  C/N	  ratio	  of	  the	  sediment	  also	  difered	  in	  response	  
to	  the	  varying	  contributions	  by	  the	  source	  materials.	  The	  models	  were	  run	  with	  a	  
Markov	  Chain	  Monte	  Carlo	  setting	  of	  a	  chain	  length	  of	  100,000	  iterations.	  
2.3 Results	  
2.3.1 Spatial	  and	  temporal	  analysis	  of	  MDN	  
2.3.1.1 Sediment	  δ15N	  and	  δ13C	  
Temporal	  
Late	  August	  of	  2014	  the	  first	  sockeye	  salmon	  were	  observed	  moving	  into	  the	  Horsefly	  
River.	  The	  Department	  of	  Fisheries	  and	  Oceans	  (DFO)	  reported	  that	  peak	  spawn	  
occurred	  from	  September	  6th	  to	  the	  20th	  (pers.	  comm.	  with	  Tracey	  Cone,	  DFO).	  By	  




October	  20th	  no	  live	  salmon	  remained	  in	  the	  river	  and	  by	  October	  26th	  only	  the	  
remnants	  of	  a	  few	  carcasses	  were	  observed.	  The	  C	  and	  N	  isotopic	  signature	  of	  the	  bed	  
sediment	  changed	  with	  the	  presence	  of	  sockeye	  salmon	  in	  the	  river	  (Figure	  2.4).	  
Season	  (suspended	  sediment	  colected	  during	  freshet	  was	  not	  included),	  sampling	  
site,	  and	  the	  interaction	  between	  season	  and	  sampling	  site	  had	  a	  highly	  significant	  
efect	  on	  both	  sediment	  δ15N	  and	  δ13C	  (Table	  2.3).	  The	  average	  sediment	  δ15N	  across	  
al	  sites	  below	  the	  fals	  (where	  salmon	  were	  present)	  increased	  from	  2.97±	  0.43‰	  
(mean	  ±	  SD)	  before	  the	  salmon	  run	  to	  5.05	  ±	  1.83‰	  during	  the	  run,	  while	  δ13C	  
increased	  from	  -­‐26.1	  ±	  0.46‰	  to	  -­‐24.72	  ±	  1.85‰.	  Peak	  spawn	  ended	  around	  the	  
same	  time	  that	  river	  discharge	  slowly	  began	  increasing,	  thus	  a	  hydrological	  flushing	  
event	  started	  during	  the	  time	  that	  more	  than	  50%	  of	  sockeye	  in	  the	  river	  were	  
decaying.	  Average	  sediment	  δ15N	  during	  this	  time	  slightly	  decreased	  to	  4.78	  ±	  1.27‰	  
and	  δ13C	  decreased	  to	  -­‐25.14	  ±	  1.07‰.	  Sediment	  δ15N	  and	  δ13C	  during	  the	  spawn	  was	  
significantly	  higher	  than	  pre-­‐spawn	  only	  at	  the	  three	  furthest	  downstream	  sites	  
(δ15N:	  p	  <0.0001;	  δ13C:	  p	  <0.002)	  (Table	  2.4).	  Folowing	  a	  second	  hydrological	  
flushing	  event	  in	  January	  2015,	  the	  average	  δ15N	  value	  further	  decreased	  to	  3.14	  ±	  
0.66‰,	  and	  δ13C	  decreased	  to	  -­‐25.95	  ±	  0.80‰.	  The	  only	  downstream	  sites	  where	  
post-­‐spawn	  sediment	  was	  not	  significantly	  lower	  than	  spawn	  was	  RAT	  for	  δ15N	  (p	  =	  
0.07)	  and	  106KM	  for	  δ13C	  (p	  =	  0.33).	  	  
	  





Figure	  2.4	  Seasonal	  means	  of	  sediment	  δ15N	  and	  δ13C	  for	  each	  sample	  site.	  Sites	  listed	  in	  the	  key	  
are	  ordered	  in	  a	  downstream	  direction	  starting	  with	  the	  control	  site	  (AF).	  Samples	  
during	  the	  freshet	  are	  suspended	  sediment	  samples.	  	  
	  
ST	  was	  the	  only	  site	  where	  δ15N	  increased	  from	  spawn	  to	  post-­‐spawn,	  although	  not	  
significantly	  so.	  The	  spring	  freshet	  began	  early	  May	  and	  peaked	  on	  May	  30th.	  	  	  
Suspended	  sediment	  was	  colected	  from	  May	  14th	  to	  June	  11th.	  The	  average	  
suspended	  sediment	  δ15N	  was	  2.5	  ±	  0.28‰	  and	  the	  average	  δ13C	  value	  was	  -­‐26.46	  ±	  




















































sediment	  δ13C	  was	  -­‐25.51	  ±	  0.88‰.	  Post-­‐freshet	  sediment	  δ15N	  was	  significantly	  
lower	  than	  spawn	  at	  al	  three	  downstream	  sites	  (p	  <0.0001).	  Post-­‐freshet	  sediment	  
δ13C	  at	  TOWN	  and	  RAT	  was	  also	  significantly	  lower	  than	  spawn,	  however	  at	  106KM	  
δ13C	  values	  were	  not	  significantly	  lower	  than	  spawn.	  This	  non-­‐significant	  result	  was	  
likely	  due	  to	  an	  increase	  in	  δ13C	  values	  during	  the	  summer	  months	  that	  brought	  
values	  closer	  to	  those	  found	  during	  the	  spawn.	  	  
	  
Table	  2.3	  Results	  from	  a	  linear	  mixed-­‐efects	  model	  of	  sampling	  site	  and	  season	  on	  the	  sediment	  
δ15N	  and	  δ13C	  signatures.	  Interaction	  terms	  are	  indicated	  by	  a	  colon.	  δ15N	  data	  was	  
log	  base	  10	  transformed.	  Date	  and	  site	  were	  included	  as	  random	  efects.	  	  	  
	  
	   	   	  
δ15N	   *δ13C	  








value	   Pr(>F)	  
Season	   3	   0.6893	   46.41	   <2e-­‐16	   0.0067	   16.679	  
4.25E-­‐
09	  
Site	   6	   0.7931	   26.7	   <2e-­‐16	   0.0216	   27.034	   <2e-­‐16	  
Season	  :	  
Site	   18	   0.316	   3.546	  
1.64E-­‐
05	   0.011	   4.542	  
2.05E-­‐
07	  
Residuals	   118	   0.5842	   	  	   	  	   0.157	   	  	   	  	  


























Table	  2.4	  Table	  of	  p	  values	  from	  modified	  Tukey	  post	  hoc	  test	  for	  mixed	  efects	  model.	  Table	  
ilustrates	  seasonal	  contrasts	  at	  each	  sampling	  site	  to	  show	  temporal	  diferences	  in	  
sediment	  isotopic	  signatures.	  Sites	  are	  ordered	  starting	  at	  the	  most	  upstream	  site	  (AF	  =	  
control).	  	  
	  
	  	   Sediment	  δ15N	  	  
Season	  Pairs	   AF	   MC	   ST	   BR	   106KM	   TOWN	   RAT	  
spawn	  -­‐	  pre-­‐
spawn	   1	   0.725	   0.849	   1	   <.0001	   <.0001	   0.000	  
spawn	  -­‐	  post-­‐
spawn	   1	   0.999	   1	   1	   0.001	   0.001	   0.070	  
spawn	  -­‐	  post-­‐
freshet	   1	   0.274	   0.212	   1	   <.0001	   <.0001	   <.0001	  
pre-­‐spawn	  -­‐	  
post-­‐spawn	   1	   1	   0.688	   1	   0.653	   0.791	   0.712	  
pre-­‐spawn	  -­‐	  
post-­‐freshet	   1	   1	   1	   1	   1	   1	   1	  
post-­‐spawn	  -­‐	  
post-­‐freshet	   1	   0.988	   0.054	   1	   0.994	   0.999	   0.865	  
	  	   Sediment	  δ13C	  	  
	  	   AF	   MC	   ST	   BR	   106KM	   TOWN	   RAT	  
spawn	  -­‐	  pre-­‐
spawn	   1	   1	   1	   1	   0.001	   0.002	   0.000	  
spawn	  -­‐	  post-­‐
spawn	   1	   1	   1	   1	   0.327	   0.047	   0.000	  
spawn	  -­‐	  post-­‐
freshet	   1	   0.968	   1	   1	   1	   0.009	   <.0001	  
pre-­‐spawn	  -­‐	  
post-­‐spawn	   1	   1	   1	   1	   0.699	   0.996	   1	  
pre-­‐spawn	  -­‐	  
post-­‐freshet	   1	   0.708	   1	   1	   0.002	   1	   1	  
post-­‐spawn	  -­‐	  
post-­‐freshet	   1	   0.300	   1	   1	   0.607	   1	   1	  
	  
Spatial	  
During	  the	  active	  spawn	  there	  was	  a	  significant	  division	  between	  AF,	  the	  three	  
upstream	  sites,	  and	  the	  three	  downstream	  sites	  (Figure	  2.5).	  Sediment	  δ15N	  and	  δ13C	  
at	  AF	  was	  significantly	  diferent	  from	  al	  three	  of	  the	  furthest	  downstream	  sites	  (p	  
<0.006)	  and	  ST	  (p	  	  =	  0.02).	  There	  were	  no	  significant	  diferences	  between	  the	  three	  
sites	  upstream	  or	  between	  the	  three	  sites	  downstream,	  but	  al	  upstream	  sites	  were	  
significantly	  diferent	  from	  al	  downstream	  sites.	  Although	  sediment	  δ15N	  decreased	  




at	  al	  sites	  folowing	  the	  freshet,	  δ15N	  values	  at	  TOWN	  and	  RAT	  remained	  significantly	  
higher	  than	  AF	  and	  MC	  (Figure	  2.6).	  	  
	  	  
Figure	  2.5	  Boxplots	  of	  sediment	  δ15N	  (top)	  and	  δ13C	  (bottom)	  values	  combined	  for	  the	  spawn.	  
Sites	  are	  ordered	  in	  a	  downstream	  direction.	  	  
	  
	  	  
Figure	  2.6	  Boxplots	  of	  sediment	  δ15N	  (top)	  and	  δ13C	  (bottom)	  values	  combined	  for	  the	  post-­‐





























































The	  trends	  for	  the	  sediment	  characteristics	  and	  discharge	  at	  al	  sites	  are	  plotted	  in	  
Figure	  2.7.	  Suspended	  sediment	  colected	  during	  the	  freshet	  is	  shown	  as	  diamonds	  
and	  smaler	  circles	  represent	  the	  re-­‐suspended	  sediment	  samples.	  In	  late	  July	  2014,	  
two	  weeks	  prior	  to	  sampling,	  a	  rain	  event	  caused	  river	  discharge	  to	  increase	  from	  23	  
m3/s	  to	  54	  m3/s	  in	  one	  day.	  During	  the	  pre-­‐spawn	  season	  the	  trend	  lines	  for	  OMR,	  
AFDM	  and	  the	  floc	  factor	  al	  briefly	  increased,	  which	  was	  consistent	  with	  organic	  
matter	  and	  sediment	  settling	  on	  the	  channel	  bed	  post-­‐storm.	  	  Folowing	  the	  storm	  in	  
July,	  river	  levels	  remained	  low	  and	  relatively	  stable	  (5-­‐10	  m3/s)	  through	  peak	  spawn.	  
In	  early	  October,	  frequent	  rain	  (and	  snow	  in	  higher	  elevations)	  caused	  river	  discharge	  
to	  increase	  steadily	  until	  the	  first	  week	  of	  November,	  from	  11	  m3/s	  to	  49	  m3/s.	  
Therefore,	  the	  final	  two	  weeks	  of	  the	  spawn	  season	  (peak	  decay)	  occurred	  during	  the	  
ascending	  limb	  of	  this	  storm.	  During	  the	  spawn	  discharge	  was	  not	  correlated	  with	  
either	  upstream	  or	  downstream	  sediment	  δ15N	  (r	  <	  ±0.05;	  p	  >	  0.7)	  or	  δ13C	  (r	  <	  ±0.1;	  p	  
>	  0.7),	  but	  was	  significantly	  (p	  <	  0.05)	  positively	  correlated	  with	  the	  upstream	  and	  
downstream	  AFDM	  (r	  <	  +0.60;	  p	  >	  0.04)	  and	  highly	  (r	  >	  0.3	  considered	  to	  be	  high)	  
negatively	  correlated	  with	  the	  downstream	  OMR	  (r	  =	  -­‐0.46;	  p	  =	  0.1).	  Upstream	  and	  
downstream	  sediment	  δ15N	  were	  both	  significantly	  negatively	  correlated	  with	  the	  
C/N	  ratio	  (r	  =	  -­‐0.91;	  p	  <	  0.0001),	  but	  only	  downstream	  δ13C	  was	  (r	  =	  -­‐0.87;	  p	  <	  
0.0001).	  Downstream	  sediment	  δ15N	  and	  δ13C	  were	  also	  highly	  positively	  correlated	  
with	  OMR	  (r	  >	  +0.50;	  p	  <	  0.09),	  while	  upstream	  sediment	  was	  not.	  Post-­‐spawn	  there	  
were	  two	  hydrological	  flushing	  events.	  The	  first	  of	  which	  began	  late	  spawn,	  and	  the	  
second	  in	  January	  2015	  when	  unseasonably	  warm	  weather	  caused	  a	  melt	  event	  that	  




resulted	  in	  a	  peak	  river	  discharge	  of	  52	  m3/s.	  Discharge	  post-­‐spawn	  was	  significantly	  
positively	  correlated	  with	  downstream	  sediment	  δ13C	  (r	  =	  +0.45;	  p	  =	  0.04)	  and	  highly	  
with	  OMR	  (r	  =	  +0.41;	  p	  =	  0.07),	  and	  significantly	  negatively	  correlated	  with	  the	  C/N	  
ratio	  (r	  =	  -­‐0.77;	  p	  <	  0.0001)	  and	  AFDM	  (r	  =	  -­‐0.47;	  p	  =	  0.03).	  Both	  upstream	  and	  
downstream	  sediment	  δ15N	  and	  δ13C	  were	  highly	  correlated	  with	  the	  C/N	  ratio	  (r	  >	  -­‐
0.50;	  p	  <	  0.1).	  Downstream	  sediment	  δ15N	  and	  δ13C	  was	  also	  highly	  negatively	  
correlated	  with	  AFDM	  (r	  =	  -­‐0.40;	  p	  <	  0.09).	  	  
	  





Figure	  2.7	  Discharge	  data	  from	  the	  Environment	  Canada	  hydrometric	  station	  at	  McKinley	  Creek	  
and	  river	  temperature	  (black	  line)	  recorded	  from	  an	  Onset	  Tidbit	  instaled	  ~5	  km	  
upstream	  of	  Horsefly	  Bay.	  For	  the	  sediment	  characteristics	  diamond	  shaped	  dots	  
represent	  suspended	  sediment	  samples.	  Lines	  are	  smoothed	  trend	  lines	  using	  a	  local	  
polynomial	  regression	  fitting	  (LOESS).	  AFDM	  is	  the	  grams	  of	  organic	  matter	  per	  meter	  
squared	  of	  bed	  area	  whereas	  OMR	  is	  the	  ratio	  of	  inorganic	  to	  organic	  matter	  per	  gram	  




























































































The	  spring	  freshet	  began	  in	  late	  April	  and	  discharge	  peaked	  on	  May	  30th	  at	  90	  m3/s.	  
Discharge	  returned	  to	  base	  flow	  (5-­‐10	  m3/s)	  by	  mid-­‐July.	  Post-­‐freshet,	  the	  river	  
discharge	  was	  significantly	  positively	  correlated	  with	  upstream	  and	  downstream	  
sediment	  δ15N	  and	  δ13C	  (r	  >	  +0.40;	  p	  <	  0.05),	  and	  the	  C/N	  ratio	  (r	  >	  +0.50;	  p	  <	  0.0005),	  
and	  significantly	  negatively	  correlated	  with	  OMR	  (r	  >	  -­‐0.60;	  p	  <	  0.0005).	  	  
Aside	  from	  discharge,	  sediment	  δ15N	  from	  al	  sites	  below	  the	  fals	  was	  not	  highly	  
correlated	  with	  any	  of	  the	  other	  variables.	  Sediment	  δ13C	  was	  also	  significantly	  
negatively	  correlated	  with	  the	  C/N	  ratio	  (r	  =	  -­‐0.34;	  p	  =	  0.05).	  	  	  
2.3.3 Composition	  of	  sediment-­‐associated	  organic	  matter	  
Below	  fals	  sites	  	  
The	  mean	  (±	  SD)	  C/N	  ratio,	  δ15N,	  and	  δ13C	  of	  the	  source	  material	  groups	  used	  in	  the	  
mixing	  model	  as	  wel	  as	  the	  type	  of	  source	  included	  in	  each	  group	  are	  listed	  in	  Table	  
2.5.	  Table	  2.6	  lists	  the	  same	  variables,	  plus	  the	  ranges,	  for	  the	  sediment	  samples.	  
Sediment	  from	  each	  of	  the	  six	  sites	  below	  the	  fals	  was	  grouped	  into	  four	  seasons	  (a	  
separate	  model	  for	  the	  suspended	  sediment	  was	  run),	  thus	  resulting	  in	  a	  total	  of	  24	  
sediment	  groups.	  The	  δ15N	  and	  δ13C	  values	  of	  the	  four	  source	  material	  groups	  and	  24	  
sediment	  groups	  were	  plotted	  together	  in	  Figure	  2.8.	  This	  figure	  maps	  the	  dual	  
isotopic	  signature	  of	  the	  sediment	  from	  each	  season	  with	  the	  source	  material	  and	  
provides	  a	  visual	  of	  the	  isospace	  of	  the	  sediment	  relative	  to	  the	  sources.	  The	  results	  
from	  MixSIAR	  were	  consistent	  with	  the	  spatial	  and	  temporal	  diferences	  found	  from	  
the	  linear	  mixed-­‐efects	  models.	  Figure	  2.9	  shows	  bar	  graphs	  of	  the	  MixSIAR	  output	  
for	  estimated	  mean	  proportions	  of	  the	  sources	  at	  each	  site	  during	  each	  season.	  




Table	  2.5	  List	  of	  the	  source	  material	  groups	  used	  as	  inputs	  for	  the	  MixSIAR	  mixing	  model	  
including	  the	  number	  of	  samples	  colected	  per	  group,	  the	  average	  C/N	  ratios,	  and	  the	  
average	  δ15N	  and	  δ13C	  values.	  Table	  2.2	  provides	  common	  names	  for	  the	  scientific	  
names	  used	  below.	  The	  control	  samples	  include	  al	  samples	  colected	  at	  the	  site	  AF.	  
Group	   Sources	   n	   C/N	   δ15N	  (‰)	   δ13C	  (‰)	  	  	  
Sockeye	  
Salmon	  
Tissue	   12	  
3.88	  ±	  0.65	   11.60	  ±	  0.28	   -­‐22.47	  ±	  0.36	  Organs	   3	  
Eggs	   3	  
Aquatic	  
Vegetation	  
R.	  aquatilis	   2	  
13.15	  ±	  1.89	   1.90	  ±	  0.57	   -­‐20.63	  ±	  0.54	  Potamogeton	  	  spp.	   3	  Elodea	  spp.	   5	  
V.	  americana	   2	  
CONTROL	   2	   40.65	  ±	  0.5	   -­‐3.17	  ±	  0.04	   -­‐20.33	  ±	  0.01	  
Riparian	  
Herbaceous	  
+	  Leaf	  Litter	  
E.	  arvense	   6	  
19.12	  ±	  8.36	   3.04	  ±	  0.43	   -­‐29.17	  ±	  0.55	  Grass	  spp.	   3	  
Carex	  spp.	   1	  
CONTROL	   2	   37.79	  ±	  1.72	   3.79	  ±	  1.45	  	   -­‐27.79	  ±	  0.07	  
Alnus	  sitka	   4	  
42.26	  ±	  18.39	   -­‐0.85	  ±	  0.33	   -­‐29.23	  ±	  0.24	  Salix	  spp.	   4	  C.	  stolonifera	   4	  
P.	  balsamifera	   3	  
CONTROL	   7	   47.46	  ±	  1.91	   -­‐1.15	  ±	  1.14	   -­‐28.5	  ±	  0.76	  
	  
Riparian	  herbaceous	  plants	  were	  a	  dominant	  source	  of	  the	  organic	  component	  of	  the	  
fine	  sediment	  at	  al	  sites	  during	  al	  seasons,	  except	  the	  spawn.	  During	  the	  spawn	  the	  
proportion	  of	  salmon	  in	  the	  downstream	  sediment	  increased	  from	  an	  average	  of	  8.2%	  
pre-­‐spawn	  to	  an	  average	  of	  48.4%,	  making	  it	  the	  largest	  contributing	  source.	  The	  
proportion	  of	  salmon	  also	  increased	  in	  the	  upstream	  sediment	  from	  5.4%	  to	  27.8%.	  
Leaf	  litter	  made	  up	  the	  largest	  proportion	  of	  the	  upstream	  sediment	  during	  the	  spawn	  
(37-­‐40%),	  although	  the	  model	  was	  less	  certain	  (large	  error	  bars)	  of	  the	  relative	  
contribution	  between	  the	  terrestrial	  vegetation	  sources	  due	  to	  the	  closeness	  of	  the	  
isospace	  of	  the	  two	  source	  groups.	  Post-­‐spawn	  there	  was	  a	  decrease	  in	  the	  
contribution	  of	  salmon	  and	  a	  corresponding	  increase	  in	  riparian	  herbaceous	  plants,	  
yet	  not	  a	  large	  enough	  shift	  to	  return	  the	  sediment	  to	  pre-­‐spawn	  proportions.	  During	  




the	  freshet	  suspended	  sediment	  had	  the	  highest	  proportion	  of	  leaf	  litter	  (20.45%)	  
compared	  to	  the	  re-­‐suspended	  sediment	  (Figure	  2.10).	  	  
	  
	  
Table	  2.6	  Mean	  sediment	  C/N	  ratios,	  δ15N	  values,	  and	  δ13C	  values	  for	  samples	  used	  in	  mixing	  
model.	  Individual	  sites	  were	  used	  in	  the	  mixing	  model,	  but	  to	  simplify	  the	  table	  site	  
values	  were	  grouped	  by	  AF	  (no	  salmon);	  upstream	  (U/S)	  =	  MC,	  ST,	  and	  BR;	  
downstream	  (D/S)	  =	  106KM,	  TOWN,	  and	  RAT.	  	  
	  
Season	   n	   C/N	   δ13C	  (‰)	   δ15N	  (‰)	  Mean	  ±	  SD	  	   Range	   Mean	  ±	  SD	  	   Range	   Mean	  ±	  SD	   Range	  
Pre-­‐
Spawn	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
AF	   6	   12.81	  ±	  0.66	   11.97	  -­‐	  13.65	   -­‐26.41	  ±	  0.14	   -­‐26.63	  -­‐	  26.24	   2.74	  ±	  0.33	   2.35	  -­‐	  3.19	  
U/S	   12	   13.24	  ±	  0.62	   12.44	  -­‐	  14.24	   -­‐26.31	  ±	  0.26	   -­‐26.73	  -­‐	  25.83	   2.74	  ±	  0.45	   1.98	  -­‐	  3.2	  
D/S	   12	   11.02	  ±	  0.3	   10.68	  -­‐	  11.68	   -­‐25.56	  ±	  0.26	   -­‐26.01	  -­‐	  25.03	   3.04	  ±	  0.51	   2.56	  -­‐	  4.46	  
	  
Spawn	   	  	  
	   	   	   	   	  
	  	  
AF	   8	   12.69	  ±	  1.04	   11.22	  -­‐	  14.83	   -­‐26.32	  ±	  0.44	   -­‐26.74	  -­‐	  25.38	   2.8	  ±	  0.47	   2.19	  -­‐	  3.44	  
U/S	   15	   11.47	  ±	  0.94	   9.9	  -­‐	  12.72	   -­‐25.94	  ±	  0.3	   -­‐26.31	  -­‐	  25.36	   3.62	  ±	  0.55	   2.79	  -­‐	  4.82	  
D/S	   15	   8.18	  ±	  1.11	   6.89	  -­‐	  10.45	   -­‐23.28	  ±	  1.57	   -­‐25.24	  -­‐	  20.17	   6.38	  ±	  0.94	   4.56	  -­‐	  7.74	  
	  
Post-­‐
Spawn	   	  	  
	   	   	   	   	  
	  	  
AF	   12	   13.61	  ±	  0.93	   12.45	  -­‐	  15.4	   -­‐26.38	  ±	  0.25	   -­‐26.82	  -­‐	  26.13	   2.66	  ±	  0.26	   2.18	  -­‐	  2.97	  
U/S	   20	   14.65	  ±	  1.96	   11.41	  -­‐	  17.61	   -­‐26.24	  ±	  0.42	   -­‐27	  -­‐	  25.36	   3.56	  ±	  1.27	   1.95	  -­‐	  6.18	  
D/S	   21	   11.46	  ±	  1.52	   9.14	  -­‐	  15.5	   -­‐25.0	  ±	  0.78	   -­‐26.31	  -­‐	  23.31	   4.07	  ±	  1.0	   2.67	  -­‐	  5.55	  
	  
Post-­‐
Freshet	   	  	  
	   	   	   	   	  
	  	  
AF	   16	   13.8	  ±	  0.86	   12.6	  -­‐	  15.91	   -­‐26.26	  ±	  0.41	   -­‐27.21	  -­‐	  25.53	   2.47	  ±	  0.31	   2.1	  -­‐	  3.3	  
U/S	   31	   13.33	  ±	  1.27	   1.64	  -­‐	  15.1	   -­‐25.56	  ±	  0.66	   -­‐26.55	  -­‐	  24.29	   2.68	  ±	  0.58	   1.68	  -­‐	  4.45	  






































































































































































































































































Figure	  2.9	  Model	  outputs	  of	  the	  mean	  estimated	  proportion	  of	  each	  source	  at	  each	  of	  the	  below	  
fals	  sites	  for	  the	  four	  seasons.	  Error	  bars	  represent	  the	  mean	  ±	  SD.	  Text	  labels	  above	  
bars	  are	  estimated	  percent	  of	  contribution	  of	  each	  source.	  Sites	  are	  ordered	  in	  a	  

















































































































































































































































































































































































































































































































































































































Figure	  2.10	  Model	  outputs	  of	  the	  mean	  estimated	  proportion	  of	  the	  suspended	  sediment	  during	  
the	  freshet.	  	  
	  
Folowing	  the	  freshet,	  the	  model	  interpreted	  an	  increase	  in	  sediment	  δ13C	  as	  an	  
increase	  in	  the	  contribution	  of	  aquatic	  vegetation	  at	  al	  sites	  by	  approximately	  10%.	  
This	  increase	  in	  the	  proportion	  of	  aquatic	  vegetation	  shifted	  the	  contribution	  further	  
away	  from	  salmon	  (~6%)	  and	  riparian	  herbaceous	  sources	  (~2%).	  Summer	  2014	  
(pre-­‐spawn/August)	  and	  summer	  2015	  (post-­‐freshet/July	  and	  August)	  difered	  
slightly	  in	  the	  relative	  source	  proportions.	  Summer	  2015	  had	  a	  higher	  contribution	  
from	  aquatic	  vegetation	  (~8%	  higher)	  and	  salmon	  (~2%	  higher),	  whereas	  riparian	  
herbaceous	  plants	  contributed	  approximately	  10%	  more	  during	  the	  summer	  of	  2014.	  	  
	  
Control	  site	  (AF)	  
A	  separate	  mixing	  model	  was	  run	  for	  the	  sediment	  samples	  and	  source	  material	  
colected	  at	  AF.	  The	  relative	  isospaces	  for	  the	  sediment	  and	  source	  material	  were	  
plotted	  alongside	  the	  sediment	  and	  source	  material	  colected	  below	  the	  fals	  for	  
comparison	  in	  Figure	  2.11.	  The	  sediment	  sampled	  at	  AF	  fel	  within	  the	  low	  end	  of	  the	  














































































































































































































































































































































































































































































































































































































































































































































Previous	  research	  that	  has	  studied	  the	  efect	  of	  spawning	  Pacific	  salmon	  on	  the	  
streambed	  has	  focused	  on	  either	  biofilm,	  or	  the	  transport	  of	  fine	  interstitial	  sediment.	  
Fine	  sediment	  and	  biofilm	  are	  of	  interest	  because	  of	  the	  complex	  balance	  between	  
loss	  and	  gain	  of	  these	  materials	  during	  the	  active	  spawn,	  both	  of	  which	  are	  necessary	  
for	  the	  salmon	  disturbance	  regime	  (Albers	  and	  Petticrew	  2012).	  During	  redd	  
construction	  the	  bed	  sediment,	  along	  with	  biofilm	  and	  benthic	  organisms,	  is	  scoured.	  
MDN	  is	  retained	  when	  the	  sediment	  and	  MDN	  in	  suspension	  aggregate,	  settle,	  and	  
then	  remain	  on	  the	  bed	  long	  enough	  to	  be	  utilized	  by	  the	  benthic	  community.	  Spatial	  
variation	  in	  spawner	  density,	  bed	  substrate,	  and	  morphology	  has	  the	  potential	  to	  
afect	  MDN	  retention	  and	  uptake	  due	  to	  varying	  levels	  of	  disturbance	  and	  benthic	  
organism	  availability.	  Past	  research	  that	  supports	  the	  salmon	  disturbance	  regime	  
include:	  1)	  McConnachie	  and	  Petticrew	  (2006)	  and	  Albers	  and	  Petticrew	  (2013)	  both	  























































































































































(2002)	  and	  Claeson	  et	  al.	  (2006)	  found	  that	  biofilm	  δ15N	  increased	  with	  the	  presence	  
of	  spawning	  salmon	  and/or	  carcasses,	  and	  3)	  Mitchel	  and	  Lamberti	  (2005),	  Chaloner	  
et	  al.	  (2007),	  and	  Cak	  et	  al.	  (2008)	  found	  that	  biofilm	  AFDM	  increased	  during	  spawn	  
events.	  Tiegs	  et	  al.	  (2008)	  and	  Holtgrieve	  et	  al.	  (2010)	  found	  that	  the	  biofilm	  biomass	  
both	  increased	  and	  decreased	  in	  response	  to	  spawning	  salmon.	  In	  these	  past	  two	  
studies	  it	  was	  hypothesized	  that	  the	  size	  of	  the	  substrate	  was	  a	  controling	  factor.	  
Some	  other	  factors	  suggested	  to	  have	  afected	  the	  sediment	  and	  biofilm	  response	  to	  
spawning	  salmon	  include	  the	  physiochemical	  background	  of	  the	  streams	  and	  
spawner	  density.	  	  
This	  project	  took	  the	  knowledge	  gained	  from	  these	  past	  studies	  and	  applied	  them	  at	  
the	  spatial	  scale	  of	  the	  entire	  river.	  A	  coarse	  benthic	  sampling	  method	  was	  used	  to	  
sample	  fine	  sediment.	  Re-­‐suspension	  samples	  included	  interstitial	  and	  biofilm-­‐
associated	  fine	  sediment,	  as	  wel	  as	  any	  biofilm	  that	  was	  dislodged	  during	  bed	  
agitation.	  Pre-­‐spawn	  sediment	  values	  provided	  a	  temporal	  control	  for	  changing	  
isotopic	  ratios	  during	  the	  spawn.	  The	  sample	  site	  AF,	  situated	  above	  a	  natural	  salmon	  
barrier,	  provided	  a	  spatial	  control	  for	  the	  six	  sampling	  locations	  below	  the	  fals.	  The	  
C/N	  ratio,	  OMR,	  AFDM,	  MDN	  load,	  and	  the	  floc	  factor	  were	  used	  to	  help	  explain	  spatial	  
and	  temporal	  variation	  in	  the	  sediment	  δ15N	  and	  δ13C	  signatures.	  	  
2.4.1 Seasonal	  variation	  of	  the	  sediment	  isotopic	  signatures	  
Soon	  after	  salmon	  arrived	  in	  the	  river	  the	  re-­‐suspended	  fine	  bed	  sediment	  δ15N	  and	  
δ13C	  began	  increasing	  at	  al	  sites	  below	  the	  fals,	  and	  continued	  to	  increase	  until	  two	  
weeks	  after	  peak	  spawn.	  The	  enriched	  levels	  of	  MDN	  in	  the	  bed	  sediment	  of	  the	  
Horsefly	  River	  began	  decreasing	  around	  the	  time	  that	  no	  live	  salmon	  remained	  in	  the	  




river,	  and	  continued	  to	  decrease	  through	  two	  hydrological	  flushing	  events	  that	  
occurred	  during	  the	  post-­‐spawn	  (winter)	  months.	  During	  the	  first	  storm	  in	  
November,	  river	  discharge	  increased	  by	  more	  than	  2x	  from	  peak	  spawn	  rates,	  and	  
sediment	  δ15N	  decreased	  by	  nearly	  half.	  By	  early	  spring	  sediment	  δ15N	  and	  δ13C	  had	  
returned	  to	  pre-­‐spawn	  levels.	  Holtgrieve	  et	  al.	  (2010)	  also	  reported	  that	  enriched	  
biofilm	  δ15N	  did	  not	  persist	  over	  winter,	  and	  was	  likely	  not	  a	  long-­‐term	  storage	  option	  
due	  to	  fluctuating	  hydrological	  and	  geomorphological	  conditions.	  During	  the	  freshet,	  
suspended	  sediment	  was	  colected	  at	  three	  to	  four	  locations	  along	  the	  river	  channel.	  
Suspended	  sediment	  δ15N	  and	  δ13C	  values	  from	  AF	  were	  relatively	  similar	  to	  
suspended	  sediment	  collected	  at	  sites	  below	  the	  fals,	  and	  al	  values	  were	  lower	  than	  
re-­‐suspended	  sediment.	  Re-­‐suspended	  sediment	  δ15N	  folowing	  the	  freshet	  remained	  
relatively	  consistent	  with	  summer	  2014	  values	  and	  stayed	  stable	  through	  to	  the	  end	  
of	  August	  2015.	  However,	  sediment	  δ13C	  began	  to	  increase	  during	  July	  and	  August,	  
and	  averages	  were	  slightly	  higher	  than	  pre-­‐spawn	  sediment	  samples.	  During	  the	  
summer	  of	  2015	  river	  water	  temperature	  periodicaly	  exceeded	  20°C.	  The	  elevated	  
sediment	  δ13C	  values	  were	  likely	  related	  to	  the	  higher	  productivity	  resulting	  from	  the	  
above	  average	  water	  temperatures.	  
2.4.2 Spatial	  variation	  in	  the	  bed	  sediment	  during	  the	  spawn	  
Although	  sediment	  N	  and	  C	  isotopic	  ratios	  increased	  to	  some	  degree	  at	  al	  of	  the	  sites	  
below	  the	  fals	  during	  the	  spawn,	  only	  sediment	  from	  the	  three	  furthest	  downstream	  
sites	  was	  significantly	  diferent	  from	  AF.	  During	  the	  spawn	  the	  three	  downstream	  
sites	  also	  had	  higher	  values	  for	  sediment	  OMR	  and	  the	  floc	  factor,	  than	  the	  upstream	  
sites.	  The	  C/N	  ratio	  was	  consistently	  lower	  at	  the	  downstream	  sites	  than	  the	  




upstream	  sites,	  but	  significantly	  so	  during	  the	  spawn.	  A	  high	  degree	  of	  spatial	  
variation	  in	  the	  response	  to	  spawning	  salmon	  has	  been	  found	  repeatedly	  in	  studies	  
comparing	  multiple	  streams.	  Janetski	  et	  al.	  (2009)	  stated	  that	  spatial	  variation	  in	  
response	  to	  salmon	  for	  dissolved	  nutrients,	  biofilm,	  and	  aquatic	  biota	  was	  commonly	  
reported	  to	  be	  due	  to	  spawner	  density,	  discharge,	  and	  bed	  substrate	  size.	  Al	  of	  these	  
factors	  were	  considered	  as	  potential	  explanation	  for	  the	  diferences	  found	  between	  
sediment	  colected	  along	  the	  Horsefly	  River	  channel.	  	  
The	  River	  Continuum	  Concept	  describes	  rivers	  as	  systems	  that	  are	  continuously	  
degrading	  and	  taking	  up	  organic	  matter	  as	  it	  moves	  downstream,	  and	  suggested	  that	  
downstream	  communities	  are	  structured	  to	  make	  use	  of	  upstream	  nutrient	  waste	  
(Vanotte	  et	  al.	  1980).	  Re-­‐suspended	  sediment	  and	  dissolved	  and	  particulate	  nutrients	  
from	  spawning	  salmon	  are	  transported	  downstream	  from	  upstream	  spawning	  
activity.	  For	  this	  reason	  both	  the	  quality	  of	  upstream	  habitat	  and	  the	  quantity	  of	  
spawners	  wil	  afect	  the	  amount	  of	  sediment-­‐associated	  MDN	  moving	  downstream.	  
Albers	  and	  Petticrew	  (2013)	  reported	  a	  positive	  correlation	  between	  the	  increase	  in	  
δ15N	  values	  of	  sediment	  infiltrated	  in	  the	  gravel	  bed	  and	  the	  number	  of	  spawning	  
salmon.	  In	  the	  fal	  of	  2014	  the	  Department	  of	  Fisheries	  and	  Oceans	  (DFO)	  counted	  a	  
total	  of	  223,425	  sockeye	  salmon	  in	  the	  river	  over	  the	  course	  of	  the	  active	  spawn.	  
Table	  2.7	  gives	  the	  numbers	  provided	  by	  DFO	  (pers.	  comm.	  with	  Brian	  Leaf,	  DFO)	  
listed	  by	  the	  number	  upstream	  of	  each	  of	  the	  re-­‐suspension	  sampling	  sites,	  along	  with	  
the	  estimated	  spawner	  density	  and	  mass	  of	  N	  and	  P.	  The	  end	  points	  for	  each	  of	  the	  
DFO	  count	  sections	  are	  shown	  in	  Figure	  2.2.	  There	  was	  a	  visible	  trend	  between	  the	  
number	  of	  upstream	  spawners	  and	  the	  sediment	  δ15N	  at	  each	  site	  except	  for	  BR,	  




TOWN	  and	  RAT.	  BR	  stood	  out	  because	  the	  average	  sediment	  δ15N	  was	  lower	  than	  
expected	  for	  the	  upstream	  spawning	  density.	  The	  increase	  in	  δ15N	  at	  106KM	  made	  
sense	  with	  upstream	  spawning	  density,	  but	  δ15N	  at	  TOWN	  and	  RAT	  did	  not	  continue	  
to	  increase	  although	  approximately	  70,000	  more	  spawners	  were	  counted	  between	  
106KM	  and	  RAT.	  Spawner	  density	  likely	  afected	  the	  longitudinal	  diferences	  between	  
sites,	  but	  does	  not	  solely	  explain	  al	  observed	  diferences,	  such	  as	  the	  low	  response	  at	  
BR	  and	  the	  very	  similar	  response	  at	  al	  three	  downstream	  sites	  (106KM,	  TOWN	  and	  
RAT).	  	  
	  
Table	  2.7	  Sockeye	  salmon	  counts.	  Data	  provided	  by	  DFO.	  Estimated	  amount	  of	  N	  and	  P	  calculated	  
from	  numbers	  provided	  by	  Mathisen	  et	  al.	  (1988).	  Distance	  between	  sites	  and	  estimated	  
density	  estimated	  from	  spatial	  data	  obtained	  from	  the	  BC	  Watershed	  Atlas	  using	  ArcGIS.	  
Horsefly	  Bay	  (HFB)	  is	  the	  mouth	  the	  river	  on	  Quesnel	  Lake.	  Al	  values	  are	  cumulative	  to	  



























AF	   0	   0.00%	   0	   0	   0	   0	  
Fals	   0	   0.00%	   23	   0	   0	   0	  
MC	   3650	   1.63%	   7.4	   0.03	   266	   44	  
ST	   22665	   10.14%	   9	   0.11	   1655	   272	  
BR	   67060	   30.01%	   14	   0.12	   4895	   805	  
106KM	   70305	   31.47%	   27	   0.006	   5132	   844	  
TOWN	   109175	   48.86%	   21	   0.08	   7970	   1310	  
RAT	   142125	   63.61%	   25	   0.06	   10375	   1706	  
HFB	   223425	   100.00%	   	   	   16310	   2681	  	  
Sites	  AF,	  MC,	  TOWN	  and	  RAT	  were	  al	  classified	  as	  coarse	  gravel	  sites;	  ST	  was	  a	  
medium	  gravel	  site,	  106KM	  was	  medium	  cobble,	  and	  BR	  was	  sand.	  106KM	  was	  the	  
furthest	  upstream	  of	  the	  three	  downstream	  sites	  and	  the	  only	  downstream	  site	  that	  




had	  no	  active	  spawning	  because	  the	  cobbles	  were	  too	  large	  for	  sockeye	  redds.	  106KM	  
also	  stood	  out	  from	  the	  other	  downstream	  sites	  by	  having	  higher	  AFDM,	  MDN	  load,	  
and	  floc	  factor	  during	  the	  spawn.	  At	  al	  sites	  the	  floc	  factor	  was	  positively	  correlated	  
with	  sediment	  OMR	  (r	  =	  0.55;	  p	  <0.0001),	  and	  negatively	  correlated	  with	  the	  C/N	  
ratio	  (r	  =	  -­‐0.22;	  p	  =	  0.0002).	  When	  the	  sockeye	  salmon	  entered	  the	  river	  the	  floc	  
factor	  briefly	  increased	  at	  the	  three	  downstream	  sampling	  sites.	  The	  highest	  values	  
for	  floc	  factor	  were	  from	  106KM	  (Figure	  2.8).	  Soon	  after,	  the	  sediment	  δ15N	  and	  δ13C	  
began	  increasing,	  the	  C/N	  ratio	  began	  decreasing,	  and	  the	  sediment	  OMR	  spiked.	  
These	  results	  support	  the	  hypothesis	  proposed	  by	  Holtgrieve	  et	  al.	  (2010)	  that	  large	  
substrate	  (>110-­‐mm)	  is	  less	  vulnerable	  to	  benthic	  disturbance	  by	  salmon,	  and	  that	  
the	  undisturbed	  biofilm	  can	  act	  to	  trap	  sediment-­‐associated	  MDN	  from	  upstream	  
spawners.	  
Site	  ST	  also	  had	  higher	  AFDM	  and	  MDN	  load	  during	  the	  spawn,	  which	  continued	  to	  
increase	  through	  peak	  decay	  and	  remained	  high	  through	  the	  winter.	  During	  post-­‐
spawn,	  sediment	  δ15N	  values	  from	  ST	  were	  comparable	  to	  those	  from	  the	  
downstream	  sites.	  This	  may	  be	  because	  ST	  was	  the	  only	  below	  fals	  site	  where	  a	  large	  
definable	  deep	  back	  eddy	  was	  sampled.	  Organic	  matter	  is	  more	  likely	  to	  settle	  out	  in	  a	  
deep,	  slow	  back	  eddy	  than	  a	  rifle	  or	  run	  morphology,	  as	  wel	  as	  being	  more	  protected	  
from	  the	  scouring	  efects	  of	  higher	  river	  discharge.	  Particulate	  organic	  matter	  from	  
decaying	  carcasses	  that	  was	  re-­‐suspended	  by	  the	  increasing	  discharge	  during	  post-­‐
spawn	  would	  potentialy	  be	  deposited	  in	  the	  more	  protected	  depositional	  zone	  at	  ST	  
than	  the	  other	  sites.	  	  




2.4.3 Seasonal	  variation	  in	  the	  composition	  of	  the	  bed	  sediment	  
Around	  the	  same	  time	  the	  Horsefly	  River	  received	  a	  pulse	  of	  MDN	  from	  the	  sockeye	  
salmon,	  it	  also	  received	  nutrients	  from	  decaying	  riparian	  and	  aquatic	  vegetation.	  
Streams	  in	  the	  Central	  Interior	  of	  BC	  receive	  nutrient	  inputs	  from	  the	  riparian	  zone	  as	  
litter	  during	  the	  fal,	  with	  storm	  events	  throughout	  the	  year,	  and	  with	  snowmelt	  
runof	  and	  flooding	  during	  the	  spring	  freshet.	  The	  use	  of	  a	  Bayesian	  mixing	  model	  
combined	  with	  the	  analysis	  of	  trends	  for	  the	  other	  sediment	  variables	  helped	  to	  tease	  
apart	  the	  relative	  contributions	  of	  the	  overlapping	  nutrient	  inputs	  in	  the	  Horsefly	  
River.	  	  
During	  the	  spawn	  the	  increasing	  trend	  in	  sediment	  δ15N	  and	  δ13C	  was	  highly	  
correlated	  with	  a	  decreasing	  trend	  in	  the	  C/N	  ratio	  at	  al	  sites	  below	  the	  fals,	  most	  
notably	  at	  the	  downstream	  sites.	  The	  C/N	  ratio	  peaked	  at	  the	  lowest	  value	  during	  the	  
first	  week	  of	  October	  and	  then	  started	  to	  increase	  again	  and	  returned	  to	  pre-­‐spawn	  
values	  over	  the	  winter.	  At	  AF	  the	  C/N	  ratio	  remained	  stable	  throughout	  the	  active	  
spawn	  then	  gradualy	  increased	  during	  the	  month	  of	  October.	  The	  increase	  in	  the	  C/N	  
ratio	  at	  AF	  and	  the	  decrease	  at	  the	  below	  fals	  sites	  both	  correlated	  with	  an	  increase	  
in	  the	  sediment	  OMR.	  The	  OMR	  peaked	  first	  at	  106KM	  in	  mid-­‐September	  and	  last	  at	  
AF	  in	  mid-­‐October.	  Over	  the	  winter	  OMR	  at	  al	  sites	  decreased	  to	  the	  lowest	  sampled	  
values.	  The	  suspended	  sediment	  had	  the	  highest	  OMR	  of	  al	  sampled	  sediment	  as	  wel	  
as	  the	  highest	  C/N	  ratios	  for	  each	  of	  the	  sites.	  The	  C/N	  ratio	  of	  the	  suspended	  
sediment	  was	  the	  only	  variable	  where	  a	  spatial	  distinction	  was	  noted	  between	  
upstream	  and	  downstream	  sites;	  C/N	  ratios	  sampled	  at	  upstream	  sites	  were	  higher	  
than	  those	  sampled	  at	  downstream	  sites	  (Figure	  2.8).	  




The	  mixing	  model	  determined	  that	  there	  was	  a	  strong	  short-­‐term	  response	  in	  the	  bed	  
sediment	  to	  the	  presence	  of	  spawning	  salmon,	  and	  that	  this	  response	  varied	  spatialy	  
between	  the	  upstream	  and	  downstream	  sites.	  Riparian	  herbaceous	  vegetation	  was	  
the	  dominant	  contributing	  source	  to	  bed	  sediment	  at	  al	  sites	  during	  al	  seasons	  
except	  the	  spawn	  (Figure	  2.10	  and	  2.13).	  During	  the	  spawn	  the	  proportion	  of	  salmon	  
in	  the	  fine	  bed	  sediment	  increased	  at	  al	  sites	  below	  the	  fals.	  At	  the	  downstream	  sites	  
the	  contribution	  was	  estimated	  to	  be	  up	  to	  50%,	  and	  up	  to	  35%	  for	  the	  upstream	  
sites.	  The	  estimated	  proportion	  of	  salmon	  decreased	  by	  nearly	  half	  during	  the	  winter,	  
and	  then	  decreased	  by	  approximately	  2x	  again	  post-­‐freshet.	  MixSIAR	  estimated	  that	  
the	  2015	  post-­‐freshet	  proportion	  of	  salmon	  and	  aquatic	  vegetation	  was	  slightly	  
higher	  than	  the	  2014	  pre-­‐spawn	  proportion.	  This	  diference	  was	  due	  to	  a	  smal	  
increase	  in	  δ15N	  (at	  the	  downstream	  sites)	  and	  δ13C	  that	  shifted	  the	  sediment	  towards	  
the	  salmon	  and	  aquatic	  vegetation	  isospaces	  (Figure	  2.11).	  As	  previously	  mentioned,	  
this	  shift	  was	  more	  likely	  due	  to	  the	  higher	  river	  temperature	  in	  2015	  increasing	  
productivity	  and	  N	  enrichment,	  rather	  than	  the	  diference	  between	  the	  2013	  (low)	  
and	  2014	  (peak)	  runs	  sizes	  (Pinay	  et	  al.	  2003).	  	  
2.4.4 Conclusion	  
The	  results	  from	  this	  project	  were	  consistent	  with	  previous	  research	  investigating	  the	  
salmon	  disturbance	  regime,	  in	  that:	  1)	  there	  was	  a	  strong	  spatial	  distinction	  between	  
sediment	  δ15N,	  δ13C,	  and	  the	  floc	  factor	  at	  upstream	  and	  downstream	  sites,	  2)	  the	  
MDN	  signal	  in	  the	  surface	  bed	  sediment	  isotopic	  signatures	  was	  short-­‐term,	  and	  3)	  
spawner	  density,	  substrate	  size,	  stream	  morphology,	  and	  discharge	  al	  appeared	  to	  be	  
relevant	  to	  both	  the	  response	  magnitude	  and	  retention	  time	  of	  sediment-­‐associated	  




MDN.	  This	  project	  also	  found	  that	  Bayesian	  mixing	  models,	  combined	  with	  trends	  
from	  other	  sediment	  variables,	  could	  be	  useful	  tools	  for	  determining	  the	  contribution	  
of	  MDN	  relative	  to	  other	  stream	  nutrient	  sources.	  	  
Spatialy,	  the	  highest	  variation	  occurred	  during	  the	  spawn,	  and	  temporaly,	  the	  
highest	  variation	  occurred	  between	  the	  spawn	  and	  al	  other	  seasons.	  The	  results	  from	  
the	  re-­‐suspended	  bed	  sediment	  suggested	  that	  during	  the	  spawn	  sediment-­‐MDN	  flocs	  
from	  upstream	  spawning	  activities	  settled	  at	  the	  downstream	  sites.	  Cobble	  at	  106KM	  
appeared	  to	  be	  important	  for	  capturing	  MDN	  released	  during	  the	  active	  spawn.	  
Further	  research	  is	  required	  to	  determine	  whether	  substrate	  or	  spawner	  density	  was	  
the	  primary	  driving	  force	  behind	  the	  division	  between	  sediment	  from	  upstream	  and	  
downstream	  sites.	  Sometime	  during	  the	  winter	  months,	  sediment	  δ15N	  and	  δ13C	  at	  al	  
sites	  returned	  to	  pre-­‐spawn	  levels,	  and	  were	  not	  significantly	  diferent	  from	  sediment	  
at	  AF.	  Either	  sediment-­‐associated	  MDN	  was	  transport	  to	  the	  receiving	  downstream	  
lake	  during	  the	  late	  fal	  and	  mid-­‐January	  hydrological	  flushing	  events,	  or	  the	  MDN	  
signal	  in	  the	  fine	  sediment	  decreased	  because	  of	  uptake	  by	  benthic	  organisms	  (Rinela	  
et	  al.	  2013).	  The	  trend	  for	  AFDM	  and	  MDN	  load	  at	  ST	  and	  BR	  suggest	  that	  some	  
sediment-­‐associated	  MDN	  may	  have	  been	  retained	  in	  the	  depositional	  zones	  at	  these	  
sites.	  The	  suspended	  sediment	  colected	  from	  ST	  during	  the	  freshet	  had	  the	  highest	  
δ15N	  value	  and	  the	  lowest	  C/N	  ratio	  of	  al	  suspended	  sediment	  samples.	  The	  slow	  
meandering	  zones	  of	  floodplains	  and	  deep	  in-­‐stream	  pools	  may	  be	  more	  resilient	  to	  
late	  fal	  and	  winter	  hydrological	  scouring	  events	  and	  provide	  longer-­‐term	  storage	  of	  
MDN.	  Determining	  the	  length	  of	  time	  MDN	  is	  retained	  in	  longer-­‐term	  storage	  zones	  is	  
complicated	  by	  the	  inability	  to	  tease	  apart	  MDN	  from	  the	  current	  year	  with	  MDN	  




stored	  in	  previous	  years.	  This	  is	  especialy	  chalenging	  when	  MDN	  is	  also	  being	  stored	  
in	  other	  nutrient	  sources,	  such	  as	  riparian	  and	  aquatic	  vegetation.	  Figure	  2.11	  shows	  
a	  large	  diference	  between	  the	  isotopic	  signatures	  of	  aquatic	  vegetation	  colected	  at	  
AF	  and	  below	  the	  fals.	  Due	  to	  a	  sample	  size	  of	  two	  for	  AF	  the	  validity	  of	  these	  results	  
requires	  further	  investigation.	  There	  was	  also	  a	  notable	  diference	  in	  the	  C/N	  ratio	  of	  
riparian	  herbaceous	  vegetation,	  although	  this	  diference	  did	  not	  translate	  to	  a	  higher	  
δ15N	  signal	  in	  material	  from	  below	  the	  fals	  (Table	  2.4).	  Again,	  a	  very	  smal	  sample	  
size	  at	  AF	  makes	  it	  hard	  to	  draw	  any	  conclusions	  about	  this	  diference.	  The	  mixing	  
model	  was	  found	  to	  be	  good	  at	  predicting	  the	  relative	  source	  proportions	  at	  a	  broad	  
scale	  with	  few	  source	  groups,	  but	  confidence	  in	  the	  accuracy	  could	  be	  substantialy	  








3 Retention	  of	  MDN	  in	  the	  Floodplain	  Hyporheic	  Zone	  
	  
3.1 Introduction	  
Understanding	  how	  marine-­‐derived	  nutrients	  (MDN)	  move	  through	  freshwater	  
salmon-­‐bearing	  streams	  is	  key	  to	  designing	  efective	  restoration	  strategies	  for	  
streams	  with	  declining	  salmon	  populations	  (Janetske	  et	  al.	  2009).	  The	  hyporheic	  zone	  
has	  been	  recognized	  as	  one	  stream	  component	  that	  may	  act	  as	  a	  pathway	  for	  seasonal	  
and	  longer-­‐term	  retention	  of	  MDN	  in	  the	  riparian	  area	  (Rinela	  et	  al.	  2013).	  Dissolved	  
and	  particulate	  forms	  of	  nitrogen	  (N),	  phosphorus	  (P)	  and	  carbon	  (C)	  that	  are	  
transported	  into	  the	  hyporheic	  zone	  with	  surface	  flow	  can	  be	  retained	  in	  the	  stream	  
ecosystem	  if	  they	  are	  taken	  up	  by	  riparian	  vegetation	  and	  hyporheic	  organisms	  
(Naiman	  et	  al.	  2002;	  O’Keefe	  and	  Edwards	  2003),	  or	  adsorbed	  onto	  the	  sediments	  
(Storey	  et	  al.	  1999;	  Febria	  et	  al.	  2010).	  In	  controled	  experiments	  Rex	  and	  Petticrew	  
(2010)	  and	  Albers	  and	  Petticrew	  (2012)	  showed	  that	  benthic	  disturbance	  by	  
spawning	  salmon	  could	  facilitate	  the	  movement	  of	  MDN	  associated	  with	  fine	  
sediments	  into	  the	  shalow	  hyporheic	  zone	  under	  the	  streambed.	  O’Keefe	  and	  
Edwards	  (2003)	  found	  that	  N	  and	  P	  from	  spawning	  salmon	  was	  transported	  into	  the	  
hyporheic	  zone	  of	  a	  riparian	  gravel	  bar	  where	  some	  of	  the	  ammonium	  (NH4+)	  was	  
transformed	  into	  nitrates	  (NO3-­‐),	  and	  the	  remaining	  N	  and	  P	  was	  retained	  through	  the	  
spawn.	  Using	  the	  same	  gravel	  bar,	  Pinay	  et	  al.	  (2009)	  found	  that	  NO3-­‐	  injected	  into	  the	  
hyporheic	  zone	  was	  lost	  within	  1-­‐hour	  of	  residence	  time.	  They	  attributed	  this	  loss	  to	  
uptake	  by	  hyporheic	  microorganisms	  and	  riparian	  plants.	  Buxton	  et	  al.	  (2015)	  
modeled	  hyporheic	  exchange	  of	  dissolved	  oxygen	  and	  nutrients	  through	  salmon	  




redds	  and	  found	  that	  the	  physical	  structure	  of	  redds	  increased	  hyporheic	  exchange.	  	  
Much	  of,	  if	  not	  al,	  previous	  research	  on	  the	  movement	  of	  MDN	  through	  hyporheic	  
zones	  has	  been	  on	  gravel-­‐dominated	  hyporheic	  sediments.	  Larger	  salmon-­‐bearing	  
streams	  are	  also	  likely	  to	  have	  meandering	  sand-­‐bed	  floodplain	  reaches	  downstream	  
of	  spawning	  habitat.	  Floodplains	  have	  long	  been	  recognized	  for	  their	  role	  in	  storing	  
and	  releasing	  sediment	  and	  organic	  matter	  during	  high-­‐flow	  or	  flood	  events	  (Junk	  et	  
al.	  1989;	  Naiman	  et	  al.	  2010).	  However,	  nutrients	  and	  sediment	  can	  also	  be	  retained,	  
released,	  or	  removed	  from	  streams	  through	  subsurface	  flow	  paths	  underneath	  
floodplain	  riparian	  areas	  (Stanford	  and	  Ward	  1993).	  Topographical	  and	  channel	  
morphological	  structures	  of	  floodplains,	  such	  as	  meander	  bends	  and	  residual	  
channels,	  increase	  the	  potential	  for	  hyporheic	  exchange.	  	  
Nutrient	  cycling	  in	  the	  flodplain	  riparian	  hyporheic	  zone	  is	  expected	  to	  difer	  from	  
hyporheic	  zones	  under	  gravel	  streambeds	  or	  forested	  riparian	  areas	  for	  two	  main	  
reasons.	  	  Firstly,	  floodplain	  riparian	  hyporheic	  zones	  typicaly	  have	  a	  diferent	  
horizontal	  sediment	  structure	  than	  riparian	  zones	  composed	  of	  coarser	  sediment	  and	  
streambeds	  located	  in	  close	  proximity	  to	  salmon	  spawning	  grounds	  due	  to	  the	  fluvial	  
geomorphological	  processes	  acting	  on	  them.	  Floodplain	  sediment	  deposits	  are	  
commonly	  composed	  of	  large	  horizontal	  layers	  of	  medium	  to	  coarse	  silt	  and	  fine	  sand	  
(Huggenberger	  et	  al.	  1998).	  As	  the	  mean	  particle	  size	  of	  the	  sediment	  decreases,	  both	  
the	  sediment	  surface	  area	  and	  the	  length	  of	  time	  the	  water	  is	  in	  contact	  with	  the	  
sediment	  and	  the	  associated	  biological	  community	  increases	  (Hancock	  et	  al.	  2004).	  
Longer	  residence	  times	  also	  tend	  to	  be	  correlated	  with	  anaerobic	  conditions	  and	  
therefore	  denitrifying	  bacteria	  (Triska	  et	  al.	  1989;	  Pinay	  et	  al.	  2003;	  Briggs	  et	  al.	  




2014).	  Secondly,	  floodplain	  hyporheic	  zones	  also	  exhibit	  high	  spatial	  and	  temporal	  
variability	  in	  the	  degree	  of	  saturation,	  which	  influences	  the	  available	  habitat	  for	  
microorganisms	  and	  subsequent	  biogeochemical	  cycling	  (Yabusaki	  et	  al.	  2017).	  
The	  objective	  of	  this	  study	  was	  to	  explore	  the	  potential	  for	  MDN	  to	  be	  retained	  in	  a	  
natural	  floodplain	  through	  the	  winter,	  and	  subsequently	  to	  be	  released	  during	  the	  
folowing	  spring	  freshet.	  This	  objective	  was	  addressed	  through	  three	  research	  
questions.	  
	  
Question	  One:	  Is	  marine-­‐derived	  nitrogen	  and	  phosphorus	  transported	  into	  the	  
floodplain	  hyporheic	  zone	  during	  the	  spawn?	  	  
A	  number	  of	  previous	  studies	  reported	  that	  N	  and	  P	  levels	  in	  surface	  water	  increased	  
significantly	  when	  spawning	  salmon	  were	  present	  (O’Keefe	  and	  Edwards	  2003;	  
Chaloner	  et	  al.	  2007).	  It	  is	  therefore	  expected	  that	  if	  MDN	  is	  transported	  into	  the	  
hyporheic	  zone	  during	  the	  spawn,	  any	  increase	  in	  hyporheic	  N	  and	  P	  concentrations	  
would	  be	  reflected	  in	  the	  surface	  water	  and	  vice	  versa.	  	  
	  
Question	  Two:	  Is	  MDN	  removed,	  transformed	  or	  flushed	  through	  the	  floodplain	  
hyporheic	  zone	  during	  the	  spawn?	  	  
Previous	  researchers	  have	  shown	  that	  N	  transformation	  and	  P	  adsorption	  in	  
hyporheic	  zones	  are	  correlated	  with	  water	  residence	  time	  (Pinay	  et	  al.	  2003;	  
Zarnetske	  et	  al.	  2011).	  A	  spatial	  analysis	  of	  dissolved	  and	  total	  N	  and	  P	  concentrations	  
sampled	  along	  mapped	  hyporheic	  flow	  paths	  were	  used	  to	  try	  to	  predict	  the	  fate	  of	  
MDN	  in	  the	  hyporheic	  zone	  during	  the	  spawn.	  




Question	  Three:	  Is	  MDN	  released	  from	  the	  floodplain	  hyporheic	  zone	  during	  the	  spring	  
freshet?	  
During	  the	  spring	  freshet	  sediment	  and	  organic	  matter	  is	  both	  transported	  onto	  and	  
of	  of	  the	  floodplain	  surface	  (Naiman	  et	  al.	  2010).	  The	  subsurface	  sediment	  structure	  
is	  also	  altered	  by	  flood	  events	  because	  flooded	  areas	  become	  saturated	  by	  stream	  
water	  and	  snowmelt	  runof.	  It	  was	  hypothesized	  that	  MDN	  that	  was	  retained	  in	  the	  
unsaturated	  floodplain	  sediments	  through	  the	  winter	  low-­‐flow	  period	  would	  be	  
flushed	  out	  under	  flood	  conditions.	  	  
3.2 Methods	  
3.2.1 Floodplain	  site	  description	  
The	  floodplain	  sample	  site	  was	  located	  approximately	  halfway	  between	  the	  Horsefly	  
River	  headwaters	  and	  the	  mouth	  at	  Quesnel	  Lake	  (Figure	  3.1).	  The	  study	  site	  is	  
located	  in	  the	  upper	  third	  of	  the	  floodplain	  on	  land	  acquired	  by	  The	  Land	  
Conservancy	  (TLC)	  of	  British	  Columbia.	  Most	  of	  the	  floodplain	  is	  used	  for	  agricultural	  
purposes,	  and	  thus	  a	  significant	  portion	  was	  cleared	  and	  planted	  with	  canary-­‐reed	  
grass	  (Phalaris	  arundinacea)	  that	  now	  dominates	  the	  herbaceous	  vegetation	  layer.	  
Some	  lodgepole	  pine	  (Pinus	  contorta)	  and	  black	  cottonwood	  (Populus	  balsamifera)	  
have	  been	  planted	  on	  TLC	  land	  in	  an	  attempt	  to	  restore	  the	  natural	  vegetation.	  	  
	  
	  





Figure	  3.1	  Overview	  map	  of	  floodplain	  riparian	  site.	  Map	  includes	  location	  of	  piezometer	  grid,	  
gauging	  instruments,	  and	  turf	  mats.	  Smal	  red	  square	  on	  inset	  map	  shows	  location	  of	  
floodplain	  on	  the	  Horsefly	  River.	  	  	  
	  
The	  agricultural	  activities	  include	  cattle	  grazing	  and	  grass	  hay	  crops.	  The	  hay	  crops	  
were	  rarely,	  if	  ever,	  fertilized	  with	  anything	  other	  than	  livestock	  manure	  (pers.	  comm.	  
with	  Barry	  Booth,	  TLC).	  	  Some	  drainage	  ditches	  have	  been	  excavated	  along	  the	  
floodplain,	  but	  for	  the	  most	  part	  the	  natural	  hydrology	  of	  the	  floodplain	  has	  not	  been	  
altered	  significantly	  (i.e.	  channel	  straightening,	  rip-­‐rap,	  or	  diking).	  Nine	  piezometers	  
were	  instaled	  in	  a	  rectangular	  grid	  over	  an	  area	  of	  	  ~300-­‐m2	  on	  the	  right	  bank	  of	  a	  
meander	  bend	  in	  the	  riparian	  zone	  (Figure	  3.1	  and	  3.2).	  In	  July	  of	  2015	  a	  topographic	  
survey	  of	  the	  site	  and	  beach	  was	  completed	  using	  a	  Leica	  Total	  Station.	  The	  surface	  
elevations	  shown	  in	  Figure	  3.2	  were	  interpolated	  from	  133	  survey	  points	  using	  
inverse	  distance	  weighted	  with	  a	  power	  of	  two	  and	  a	  variable	  distance	  of	  three	  points	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Figure	  3.2	  Map	  of	  surface	  topography	  at	  piezometer	  grid.	  Map	  includes	  location	  of	  Onset	  tipping	  
rain	  bucket	  and	  soil	  pits.	  Green	  pattern	  area	  represents	  riparian	  area	  dominated	  by	  
Salix	  spp.	  The	  rest	  of	  the	  piezometer	  grid	  was	  covered	  with	  canary-­‐reed	  grass.	  
	  
3.2.2 Sample	  design	  
The	  piezometers	  instaled	  on	  the	  floodplain	  riparian	  area	  were	  used	  to	  measure	  both	  
hydraulic	  head	  variables	  and	  colect	  water	  samples.	  Piezometers	  were	  3-­‐m	  long,	  2.54-­‐
cm	  diameter	  galvanized	  metalic	  pipes	  (Figure	  3.3).	  The	  bottom	  26-­‐cm	  was	  
perforated	  with	  44	  6.4-­‐mm	  diameter	  holes.	  An	  auger	  was	  used	  to	  dril	  a	  1-­‐m	  deep	  
hole.	  The	  piezometer	  was	  placed	  in	  the	  hole	  and	  then	  pounded	  with	  a	  fence	  post-­‐
pounder.	  Water	  level	  loggers	  (Odyssey	  Capacitance	  Water	  Loggers,	  Dataflow	  Systems	  
Ltd.)	  were	  instaled	  in	  each	  piezometer.	  An	  Onset	  data	  logging	  rain	  gauge	  was	  
stationed	  on	  the	  outside	  rim	  of	  the	  piezometer	  grid.	  An	  Onset	  pressure	  transducer	  








Figure	  3.3	  Diagram	  of	  piezometer	  with	  three	  measured	  elevations.	  Al	  elevations,	  including	  river	  
level,	  were	  converted	  to	  meters	  above	  sea	  level	  (masl	  using	  surveyed	  surface	  
elevation.	  
	  
3.2.3 Hyporheic	  flow	  Monitoring	  
The	  Odyssey	  loggers	  instaled	  in	  each	  piezometer	  recorded	  water	  level	  at	  10-­‐minute	  
intervals	  during	  the	  2014	  and	  2015	  sampling	  periods.	  At	  each	  sampling	  event	  the	  
depth	  to	  water	  and	  sediment	  level	  was	  also	  recorded	  with	  a	  water	  level	  tape	  or	  depth	  
(D)-­‐tape	  before	  and	  after	  the	  water	  was	  purged.	  The	  tape	  was	  lowered	  slowly	  until	  an	  
audible	  beep	  signaled	  that	  the	  water	  surface	  had	  been	  reached.	  Depth	  to	  sediment	  
was	  determined	  when	  the	  tape	  touched	  down	  on	  the	  sediment	  at	  the	  bottom	  of	  the	  
















occurred,	  and	  to	  document	  the	  unexpected	  flux	  of	  sediment	  in	  the	  piezometers.	  The	  
Odyssey	  loggers	  were	  instaled	  from	  July	  23rd	  to	  October	  26th,	  2014	  then	  again	  from	  
April	  27th	  to	  October	  5th,	  2015.	  Hyporheic	  water	  was	  sampled	  starting	  August	  8th,	  
2014	  through	  to	  August	  13th,	  2015.	  The	  piezometers	  were	  sampled	  twice	  a	  week	  from	  
the	  time	  that	  sockeye	  salmon	  entered	  the	  river	  until	  no	  live	  salmon	  and	  few	  carcasses	  
remained	  (September	  6st	  -­‐	  October	  26th,	  2014),	  and	  during	  the	  2015	  freshet	  (April	  
28th	  to	  July	  9th).	  Samples	  were	  colected	  once	  a	  week	  pre-­‐spawn,	  post-­‐spawn,	  and	  
post-­‐freshet.	  No	  samples	  were	  colected	  between	  October	  26th,	  2014	  and	  April	  21st,	  
2015.	  	  
Hydraulic	  head	  values	  were	  used	  to	  calculate	  vertical	  hydraulic	  gradient	  (VHG)	  using	  
Equation	  4	  (Hauer	  and	  Lamberti	  2011):	  
	  
VHG	  =	  	  Δh	  	  	  =	  	  	   (river	  level	  –	  head	  inside	  piezometer)	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  4	  
	   ΔL	   (distance	  from	  riverbed	  to	  middle	  of	  piezometer	  screen)	  
	  
Slug	  tests	  were	  done	  on	  each	  of	  the	  piezometers	  to	  determine	  an	  average	  hydraulic	  
conductivity	  value	  for	  the	  piezometer	  grid	  using	  the	  Hvorslev	  Method	  (Hvorslev	  
1951;	  Bouwer	  1989).	  The	  recharge	  rates	  were	  measured	  by	  first	  purging	  the	  
piezometers	  and	  then	  the	  Odyssey	  loggers	  were	  re-­‐instaled	  and	  set	  to	  record	  at	  1-­‐
minute	  intervals.	  Unfortunately	  there	  was	  a	  delay	  in	  some	  of	  the	  Odyssey’s	  ability	  to	  
record	  water	  level	  and	  therefore	  hydraulic	  conductivity	  was	  only	  accurately	  
calculated	  for	  piezometers	  1,	  6,	  and	  7.	  	  
	  




3.2.4 Hyporheic	  water	  sampling	  and	  analysis	  
During	  each	  sampling	  event,	  one	  water	  sample	  per	  piezometer	  and	  two	  grab	  samples	  
from	  the	  river	  were	  colected.	  Hyporheic	  water	  was	  colected	  using	  a	  Solinst	  
peristaltic	  pump.	  The	  piezometers	  were	  purged	  of	  al	  standing	  water	  and	  just	  the	  
recharged	  water	  was	  colected.	  Samples	  were	  colected	  in	  500-­‐mL	  Nalgene	  bottles	  
that	  were	  cleaned	  and	  triple-­‐rinsed	  with	  deionized	  water.	  Colected	  water	  was	  
subsampled	  for	  total	  and	  dissolved	  N	  and	  P	  analysis.	  Water	  for	  dissolved	  N	  (NH4+	  and	  
NO3-­‐)	  was	  filtered	  through	  a	  0.22-­‐μm	  filter	  and	  water	  for	  TDP	  and	  orthophosphate	  
(PO4-­‐3)	  was	  filtered	  through	  a	  0.45-­‐μm	  filter	  (APHA,	  1995).	  Due	  to	  volatility	  of	  NH4+,	  
NO3-­‐,	  and	  PO4-­‐3	  the	  filtered	  water	  samples	  were	  analyzed	  within	  24-­‐hours	  of	  sampling	  
using	  a	  LaMotte	  SMART	  3	  field	  colorimeter.	  Unfortunately	  the	  sensitivity	  of	  the	  NO3-­‐	  
and	  PO4-­‐3	  method	  was	  not	  low	  enough	  for	  the	  majority	  of	  concentrations	  found	  in	  
river	  and	  hyporheic	  samples,	  but	  it	  did	  provide	  an	  idea	  of	  diferences	  between	  the	  
river	  and	  hyporheic	  concentrations.	  The	  remaining	  unfiltered	  water	  was	  immediately	  
frozen	  in	  50-­‐mL	  centrifuge	  tubes	  for	  later	  analysis	  on	  a	  Bran-­‐Luebbe	  Autoanalyzer-­‐3.	  
Table	  3.1	  below	  shows	  the	  analysis	  method	  and	  parameters	  used	  for	  each	  of	  the	  
nutrient	  concentrations.	  Duplicates	  and	  blanks	  were	  run	  every	  ten	  samples	  for	  








Table	  3.1	  Table	  of	  equipment	  used	  for	  each	  nutrient	  analysis,	  the	  method	  of	  analysis,	  and	  the	  
minimum	  detectable	  limits	  (MDL).	  
	  






NH4	   LaMotte	   Nessler	  Method	   0	  -­‐	  4.2	  	   0.05	  
NO3	   LaMotte	  
Cadmium	  reduction	  (Mulvaney	  





Alkaline	  persulfate	  digestion	  
(Valderamma	  1981)	  folowed	  by	  
Nitrate	  analysis	  using	  cadmium	  
reduction	  
0	  -­‐	  10	  	   0.2	  	  





Alkaline	  persulfate	  digestion	  
folowed	  by	  the	  ascorbic	  acid	  
method	  for	  PO4	  (Standard	  method	  
for	  simultaneous	  measurement	  of	  P	  
and	  N).	  
0	  -­‐	  5	   0.002	  	  
TP	   LaMotte	  
High	  range	  wastewater	  test	  kit	  –	  
uses	  same	  colorimetric	  method	  as	  
TDP	  
0	  -­‐	  75	  	   2.0	  	  
*	  The	  LaMotte	  Smart	  3	  meter	  is	  factory	  pre-­‐calibrated	  –	  calibration	  range	  and	  MDL	  are	  from	  the	  user	  
manual.	  Calibration	  curves	  and	  statistics	  for	  MDL	  are	  made	  for	  every	  run	  on	  the	  autoanalyzer	  –	  MDL	  
values	  reported	  in	  table	  are	  the	  averaged	  MDL	  for	  al	  runs	  per	  nutrient	  test.	  	  
	  
3.2.5 Floodplain	  soil	  sampling	  and	  analysis	  
Three	  soil	  pits	  were	  dug	  at	  the	  site	  of	  the	  piezometer	  grid	  down	  to	  the	  water	  table	  
(1.6-­‐1.8	  m)	  during	  the	  week	  of	  August	  6th	  to	  13th,	  2015	  (Figure	  3.2).	  Soil	  samples	  were	  
colected	  every	  30-­‐cm	  down	  the	  pit	  profile.	  Sediment	  deposited	  on	  the	  surface	  of	  the	  
floodplain	  during	  the	  spring	  flood	  was	  colected	  using	  twelve	  20”x	  20”	  turf	  mats	  
nailed	  to	  the	  ground	  along	  a	  transect	  perpendicular	  to	  the	  river.	  The	  turf	  mats	  were	  
instaled	  on	  April	  9th,	  2015	  and	  were	  colected	  after	  the	  floodwater	  receded.	  
Unfortunately	  of	  the	  twelve	  instaled	  only	  three	  mats	  were	  retrieved,	  and	  only	  two	  
mats	  contained	  enough	  sample	  for	  analysis.	  The	  remaining	  nine	  were	  either	  carried	  
away	  during	  the	  flood	  or	  simply	  lost	  under	  the	  canary-­‐reed	  grass.	  	  




Soil	  from	  the	  pits	  was	  analyzed	  for	  percent	  sand,	  ratio	  of	  organic	  to	  inorganic	  matter	  
(%	  organic),	  C/N	  ratio,	  and	  N	  and	  C	  stable	  isotopes	  (δ15N	  and	  δ13C).	  Soil	  from	  the	  turf	  
mats	  was	  analyzed	  for	  the	  C/N	  ratio,	  and	  δ15N	  and	  δ13C.	  
3.3 Statistical	  analysis	  
3.3.1 Hydraulic	  head	  contour	  maps	  
Hydraulic	  head	  contour	  maps	  and	  space-­‐time	  interpolation	  plots	  of	  elevated	  flow	  
events	  were	  used	  to	  predict	  hyporheic	  flow	  paths	  through	  the	  piezometer	  grid.	  
Hydraulic	  head	  elevations	  for	  each	  piezometer	  were	  calculated	  from	  the	  water	  level	  
measured	  at	  each	  sampling	  event	  using	  a	  D-­‐tape.	  The	  measured	  values	  were	  
converted	  to	  water	  elevation	  (meters	  above	  sea	  level,	  masl)	  using	  the	  topographical	  
survey	  data.	  A	  hydraulic	  head	  contour	  map	  was	  created	  by	  spatially	  interpolating	  the	  
overal	  average	  water	  elevation	  from	  each	  piezometer	  using	  the	  topo-­‐to-­‐raster	  tool	  in	  
ESRI	  ArcGIS.	  The	  topo-­‐to-­‐raster	  tool	  was	  designed	  for	  the	  creation	  of	  hydrologicaly	  
correct	  digital	  elevation	  models	  and	  includes	  aspects	  of	  both	  inverse-­‐distance	  
weighted	  (IDW)	  and	  kriging	  spatial	  statistics	  (ESRI	  2013).	  	  
3.3.2 Spatial-­‐temporal	  analysis	  of	  hyporheic	  flow	  and	  nutrient	  concentrations	  	  
3.3.2.1 Space-­‐time	  statistics	  
Packages	  that	  combined	  spatial	  and	  time	  series	  statistics	  were	  used	  to	  create	  space-­‐
time	  maps	  for	  water	  elevations	  and	  nutrient	  concentrations	  (R	  packages:	  gstat,	  
spacetime	  and	  xts)	  (Pebesma	  2012).	  The	  water	  elevation	  data	  were	  calculated	  from	  
the	  10-­‐minute	  interval	  Odyssey	  water	  level	  data	  and	  the	  D-­‐tape	  measurements	  taken	  




at	  each	  sampling	  event.	  Corrections	  to	  the	  raw	  data	  were	  made	  to	  account	  for	  the	  
distance	  above	  the	  sediment	  that	  the	  Odyssey	  loggers	  were	  instaled.	  This	  value	  
fluctuated	  due	  to	  the	  fact	  that	  the	  depth	  to	  the	  sediment	  fluctuated	  throughout	  the	  
sampling	  period.	  Water	  level	  was	  then	  converted	  to	  elevation	  using	  the	  surface	  
elevations	  determined	  during	  the	  topographic	  survey.	  Al	  the	  water	  elevation	  data	  
were	  organized	  into	  a	  regular	  space-­‐time	  class	  object,	  where	  values	  for	  each	  selected	  
time	  instance	  occurred	  at	  each	  spatial	  point	  (Bivand	  et	  al.	  2013).	  Water	  elevations	  
from	  fifteen	  isolated	  time	  points	  were	  used	  to	  represent	  each	  storm.	  Fifteen	  time	  
points	  was	  found	  to	  adequately	  represent	  the	  movement	  of	  water	  through	  the	  
piezometer	  grid.	  The	  time	  points	  were	  not	  evenly	  spaced,	  but	  instead	  selected	  
specificaly	  to	  distinguish	  flow	  patterns	  between	  the	  piezometers	  during	  each	  storm	  
event.	  
Spatial	  data	  for	  the	  analysis	  of	  water	  elevations	  included	  just	  the	  nine	  piezometers,	  
whereas	  for	  the	  nutrient	  concentrations	  river	  sample	  location	  was	  added.	  Sixteen	  
sample	  dates	  were	  included	  for	  the	  space-­‐time	  interpolation.	  Dates	  were	  selected	  to	  
include	  a	  range	  of	  dates	  across	  al	  seasons	  sampled.	  Dates	  that	  did	  not	  have	  
concentration	  values	  for	  every	  piezometer	  were	  not	  used,	  so	  not	  al	  space-­‐time	  plots	  
have	  the	  same	  dates	  shown.	  
Each	  space-­‐time	  object	  for	  the	  nutrient	  concentrations	  or	  water	  elevations	  was	  a	  
single	  data	  frame	  that	  combined	  both	  time	  series	  and	  spatial	  point	  data.	  This	  
compiled	  data	  frame	  was	  used	  to	  fit	  a	  separable	  spatio-­‐temporal	  variogram	  model.	  
Using	  the	  joint	  spatio-­‐temporal	  variogram	  universal	  kriging	  was	  applied	  to	  predict	  
water	  elevations	  and	  nutrient	  concentrations.	  	  




3.3.2.2 Mixed-­‐efects	  models	  
Linear	  mixed-­‐efects	  models	  were	  compared	  to	  further	  examine	  spatial	  and	  temporal	  
patterns	  in	  hyporheic	  nutrient	  concentrations.	  Six	  models	  were	  compared	  for	  each	  of	  
the	  nutrients.	  Three	  models	  focused	  on	  temporal	  groupings,	  and	  three	  focused	  on	  
spatial	  groupings.	  The	  fixed	  efects	  tested	  were	  piezometer,	  lateral	  distance	  to	  river,	  
longitudinal	  flow	  path	  (upstream	  to	  downstream),	  and	  season.	  Date	  was	  always	  
included	  as	  a	  random	  efect	  to	  account	  for	  the	  repeated	  measures	  sample	  design	  
(Pinheiro	  et	  al.	  2012).	  The	  spatial	  groupings	  were	  based	  on	  longitudinal	  and	  lateral	  
flow	  paths	  determined	  from	  the	  hyporheic	  flow	  analysis.	  For	  the	  lateral	  distance	  to	  
river,	  variable	  piezometers	  were	  grouped	  into,	  the	  front	  row	  (P1,	  P2,	  P3),	  the	  middle	  
(P4,	  P5,	  P6),	  and	  the	  back	  row	  (P7,	  P8,	  P9).	  Piezometers	  were	  grouped	  from	  upstream	  
to	  downstream	  rows	  for	  the	  longitudinal	  flow	  path	  variable	  (P3,	  P6,	  P9;	  P2,	  P5,	  P8;	  P1,	  
P4,	  P7).	  The	  seasons	  used	  were	  spawn	  (active	  and	  decay),	  the	  ascending	  limb	  of	  the	  
freshet,	  the	  descending	  limb	  of	  the	  freshet,	  and	  summer	  (both	  2014	  and	  2015).	  
Models	  were	  compared	  using	  a	  combination	  of	  the	  Akaike’s	  Information	  Criteria	  
(AIC),	  the	  Bayesian	  Information	  Criteria	  (BIC),	  and	  the	  relative	  R2	  values	  (Zuur	  et	  al.	  
2009).	  	  
3.3.3 Correlations	  	  
Kendal	  Tau	  rank	  correlations	  were	  used	  to	  analyze	  the	  relationship	  between	  
hyporheic	  nutrient	  concentrations	  and	  flow	  parameters.	  A	  non-­‐parametric	  
correlation	  test	  was	  chosen	  because	  nutrient	  and	  flow	  data	  were	  not	  normaly	  
distributed	  and	  distribution	  was	  highly	  skewed.	  	  The	  Kendal	  Tau	  method	  is	  
recommended	  for	  datasets	  with	  incomplete	  pairing	  due	  to	  missing	  values.	  Sample	  




date	  was	  grouped	  into	  the	  same	  seasonal	  groupings	  as	  used	  for	  the	  mixed-­‐efects	  
models.	  Table	  3.2	  lists	  the	  nutrient	  and	  flow	  variables.	  	  
	  
Table	  3.2	  Variables	  for	  correlations	  between	  nutrient	  concentrations	  and	  flow	  variables	  
	  
Variables	   #	  Of	  Observations	   Mean	   Range	  




NH4	   315	   1.723	   0	  -­‐	  11.9*	  
TN	   330	   0.782	  
0.019	  -­‐	  
4.185	  
TDP	   304	   0.039	  
0.002*	  -­‐	  
0.179	  
TP	   262	   17.03	   0	  -­‐	  99	  
	   	  
m	  
Level	  above	  sediment	   387	   0.987	   0	  -­‐	  3.02	  
VHG	   387	   -­‐0.426	   -­‐1.75	  -­‐	  0.39	  
Depth	  of	  sediment	   387	   0.18	   0	  -­‐	  1.1	  
Distance	  from	  river	   387	   40.29	   30.72	  -­‐	  51.8	  
*	  Indicates	  that	  concentration	  value	  was	  outside	  of	  the	  calibration	  range	  or	  lower	  than	  the	  




3.4.1 Analysis	  of	  hyporheic	  flow	  
Water	  level	  in	  al	  of	  the	  piezometers	  was	  highly	  correlated	  (Pearson	  r	  =	  >	  0.9,	  p	  <	  
0.0001)	  with	  the	  level	  of	  the	  river	  (Figure	  3.4).	  	  This	  suggests	  that	  there	  was	  very	  
little,	  if	  any,	  groundwater	  influence	  on	  the	  floodplain	  hyporheic	  zone.	  A	  hydraulic	  
head	  contour	  map	  was	  created	  from	  the	  average	  water	  elevation	  (masl)	  in	  each	  
piezometer	  (Figure	  3.5).	  Water	  levels	  from	  the	  freshet	  were	  not	  included	  in	  the	  
average	  calculation.	  Hydraulic	  head	  was	  calculated	  as	  the	  diference	  between	  the	  
level	  of	  water	  above	  the	  bottom	  of	  the	  piezometer	  (~2-­‐m	  below	  surface)	  and	  the	  
surface	  elevation.	  






Figure	  3.4	  Hydrographs	  from	  the	  average	  of	  al	  piezometer	  water	  elevations	  (black	  line)	  and	  
river	  elevation	  just	  downstream	  of	  piezometer	  grid	  (blue	  line).	  Horizontal	  lines	  
represent	  the	  average	  surface	  value	  within	  the	  piezometer	  grid	  and	  the	  average	  
riverbed	  elevation	  where	  the	  pressure	  transducer	  was	  instaled	  ~15m	  downstream	  of	  
grid.	  	  
	  
Water	  wil	  flow	  perpendicular	  to	  hydraulic	  head	  contours.	  Arrows	  depicting	  the	  
predicted	  flow	  paths	  were	  manualy	  added	  using	  the	  interpolated	  contour	  lines.	  The	  
results	  from	  space-­‐time	  interpolation	  statistics	  of	  four	  hydrological	  events	  also	  show	  
that	  surface	  water	  flowed	  both	  longitudinaly	  and	  lateraly	  into	  the	  hyporheic	  zone.	  It	  
also	  showed	  that	  there	  was	  a	  lot	  of	  variation	  within	  the	  piezometer	  grid.	  Two	  of	  the	  
events	  were	  in	  the	  late	  summer/fal	  of	  2014,	  one	  was	  during	  the	  descending	  limb	  of	  
the	  freshet,	  and	  the	  other	  was	  in	  early	  October	  of	  2015.	  Figure	  3.6	  shows	  the	  
hydrograph	  and	  precipitation	  data	  for	  the	  entire	  sampling	  period.	  The	  two	  fal	  storms	  























Figure	  3.5	  Hydraulic	  head	  contour	  map	  created	  from	  averaged	  water	  elevations	  measured	  during	  
each	  sampling	  event	  in	  each	  piezometer.	  Arrows	  depict	  predicted	  flow	  paths	  based	  on	  
contours.	  Blue	  arrows	  depict	  flow	  at	  the	  river	  interface.	  Contours	  are	  in	  5-­‐cm	  
intervals.	  Lines	  that	  show	  flow	  upstream	  are	  dashed	  to	  diferentiate	  them	  out	  as	  























































Figure	  3.6	  Hydrograph	  and	  precipitation	  data	  for	  the	  Horsefly	  River.	  	  Discharge	  data	  are	  from	  the	  
Environment	  Canada	  Hydrometric	  Station	  at	  McKinley	  Creek.	  Precipitation	  data	  are	  
from	  an	  Onset	  rain	  gauge	  instaled	  at	  the	  floodplain	  site.	  Crosshatched	  area	  in	  middle	  
of	  graph	  is	  when	  Odyssey	  loggers	  and	  the	  rain	  gauge	  were	  NOT	  instaled.	  Storms	  used	  
for	  space-­‐time	  plots	  shown	  in	  this	  paper	  are	  circled.	  	  
	  
Figures	  3.7	  and	  3.8	  are	  space-­‐time	  plots	  of	  the	  two	  storms	  that	  occurred	  in	  fal	  of	  
2014	  and	  2015.	  The	  2014	  storm	  was	  of	  relatively	  low	  intensity.	  River	  discharge	  
increased	  from	  6-­‐m3/s	  to	  12-­‐m3/s	  in	  three	  days.	  During	  the	  2015	  storm	  river	  
discharge	  increased	  from	  5-­‐m3/s	  to	  28-­‐m3/s	  in	  two	  days.	  The	  individual	  timeframes	  
represented	  in	  the	  space-­‐time	  plots	  were	  selected	  based	  on	  the	  individual	  




































































Figure	  3.7	  Space-­‐time	  plot	  of	  interpolated	  water	  elevations	  during	  a	  September	  2014	  rainstorm	  
event.	  Water	  elevations	  are	  in	  meters	  above	  sea	  level	  (masl).	  Time	  shown	  is	  




Figure	  3.8	  Space-­‐time	  plot	  of	  interpolated	  water	  elevations	  during	  an	  October	  2015	  rainstorm	  
event.	  Water	  elevations	  are	  in	  meters	  above	  sea	  level	  (masl).	  Time	  shown	  is	  
cumulative	  from	  initial	  start	  time	  and	  date.	  
	  




During	  the	  first	  storm	  flow	  was	  primarily	  from	  upstream	  of	  the	  grid,	  whereas	  during	  
the	  2015	  storm	  lateral	  flow	  from	  the	  river	  dominated.	  In	  2014	  the	  middle	  row	  of	  
piezometers	  were	  the	  last	  to	  peak,	  whereas	  in	  2015	  the	  rising	  water	  table	  was	  more	  
evenly	  distributed.	  The	  timing	  of	  storm	  peaks	  in	  the	  piezometers	  in	  the	  middle	  and	  
back	  row	  also	  varied	  between	  storms.	  The	  hydraulic	  contour	  map	  showed	  that	  the	  
zone	  around	  P5	  and	  P8	  received	  flow	  from	  multiple	  directions,	  similar	  to	  a	  stream	  
back	  eddy.	  	  
From	  the	  D-­‐tape	  measurements	  taken	  during	  each	  sampling	  event	  it	  was	  discovered	  
that	  the	  depth	  to	  the	  sediment	  at	  the	  bottom	  of	  the	  wel	  was	  variable	  suggesting	  that	  
there	  was	  a	  mobile	  deep	  layer	  of	  sediment	  that	  moved	  through	  the	  hyporheic	  zone.	  
Assuming	  that	  this	  sediment	  was	  pushed	  by	  the	  flow	  of	  water,	  then	  the	  space-­‐time	  
plot	  for	  the	  sediment	  elevations	  supports	  the	  back-­‐eddy	  theory	  by	  showing	  that	  the	  
middle	  piezometers	  acted	  as	  a	  sink	  for	  sediment	  being	  pushed	  in	  multiple	  directions	  
(Figure	  3.9).	  	  
	  





Figure	  3.9	  Space-­‐time	  plot	  of	  interpolated	  sediment	  elevations	  (masl)	  from	  the	  D-­‐tape	  
measurements	  taken	  at	  each	  sampling	  event.	  	  
	  
During	  the	  freshet	  up	  to	  1-­‐m	  of	  sediment	  accumulated	  in	  P2,	  P4,	  and	  P5.	  Due	  to	  this	  
pulse	  of	  sediment	  the	  Odyssey	  loggers	  in	  these	  piezometers	  were	  periodicaly	  
removed	  to	  prevent	  them	  from	  being	  damaged	  by	  getting	  stuck	  in	  the	  sediment.	  For	  
this	  reason,	  the	  water	  depth	  measurements	  recorded	  with	  the	  D-­‐tape	  provided	  the	  
most	  complete	  record	  of	  the	  freshet	  water	  elevations	  from	  al	  piezometers	  and	  thus	  
were	  used	  for	  the	  space-­‐time	  plot	  (Figure	  3.10).	  This	  is	  why	  each	  timeframe	  
represents	  a	  selected	  sample	  day	  rather	  than	  the	  time	  lapse	  used	  for	  the	  storms.	  The	  
freshet	  plots	  show	  that	  water	  initialy	  (May	  11-­‐18th)	  filed	  the	  grid	  in	  a	  pattern	  that	  
resembled	  the	  September	  2014	  storm.	  As	  the	  river	  level	  increased,	  surface	  water	  
filed	  the	  riparian	  area	  lateraly	  over	  the	  stream	  bank	  as	  wel	  as	  from	  an	  upstream	  
residual	  channel	  (refer	  to	  Figure	  3.1	  for	  location	  of	  residual	  channel).	  
	  





Figure	  3.10	  Space-­‐time	  plot	  of	  interpolated	  water	  elevations	  in	  each	  of	  the	  piezometers	  during	  
the	  freshet	  (masl)	  taken	  from	  the	  D-­‐tape	  measurements.	  Sample	  dates	  were	  selected	  
to	  best	  represent	  the	  hydrological	  timing	  of	  the	  freshet	  and	  floodplain	  inundation	  
pattern.	  
	  
3.4.2 Analysis	  of	  nutrient	  concentrations	  
3.4.2.1 Spatial-­‐temporal	  interpolation	  
Spatial-­‐temporal	  statistics	  were	  also	  run	  for	  the	  river	  and	  hyporheic	  concentrations	  
of	  ammonium	  (NH4+),	  total	  nitrogen	  (TN),	  total	  dissolved	  phosphorus	  (TDP),	  and	  total	  
phosphorus	  (TP).	  The	  results	  are	  shown	  in	  Figures	  3.11	  to	  3.14.	  Sampling	  dates	  
shown	  in	  the	  figures	  difered	  due	  to	  incomplete	  datasets	  for	  al	  nutrients	  on	  each	  
sampling	  event.	  Al	  nutrients	  increased	  to	  some	  degree	  during	  the	  active	  spawn	  
and/or	  decay.	  NH4+	  concentrations	  increased	  early	  in	  the	  spawn	  in	  both	  the	  
hyporheic	  zone	  and	  the	  river,	  with	  the	  highest	  concentrations	  occurring	  in	  the	  row	  of	  
piezometers	  closest	  to	  the	  river	  (P1-­‐P3).	  Concentrations	  remained	  elevated	  
throughout	  the	  active	  spawn	  but	  returned	  to	  pre-­‐spawn	  levels	  during	  the	  die-­‐




of/decay	  stage.	  During	  the	  freshet,	  NH4+	  concentrations	  spiked	  again	  but	  to	  a	  lesser	  
degree	  than	  the	  spawn,	  and	  the	  clear	  spatial	  distinction	  seen	  during	  the	  spawn	  was	  
less	  obvious.	  TN	  increased	  slightly	  during	  the	  active	  spawn	  and	  decay,	  but	  on	  
September	  19th	  and	  28th	  the	  increase	  in	  hyporheic	  TN	  corresponded	  with	  a	  minor	  
increase	  in	  river	  TN.	  There	  was	  no	  strong	  increase	  in	  TN	  concentrations	  during	  the	  
freshet.	  No	  clear	  spatial	  patterns	  existed	  for	  TN.	  
	  
	  
Figure	  3.11	  River	  and	  hyporheic	  NH4	  concentrations	  (mg/L).	  	  Cross	  separate	  from	  grid	  is	  where	  
river	  grab	  samples	  were	  taken.	  	  
	  





Figure	  3.12	  River	  and	  hyporheic	  TN	  concentrations	  (mg/L).	  Cross	  separate	  from	  grid	  is	  where	  
river	  grab	  samples	  were	  taken.	  	  
	  
	  
Unlike	  the	  N	  concentrations,	  TDP	  was	  typicaly	  higher	  in	  the	  river	  than	  the	  hyporheic	  
zone	  except	  at	  P3.	  There	  were	  no	  strong	  spatial	  or	  temporal	  trends	  for	  TDP	  in	  the	  
hyporheic	  zone,	  but	  there	  was	  a	  strong	  spike	  in	  the	  river	  on	  September	  28th,	  one	  week	  
after	  peak	  spawn,	  that	  was	  also	  seen	  in	  the	  piezometers	  closest	  to	  the	  river.	  
Hyporheic	  TDP	  concentrations	  were	  slightly	  elevated	  during	  the	  ascending	  limb	  of	  
the	  freshet,	  but	  were	  consistently	  higher	  during	  both	  the	  summer	  of	  2014	  (pre-­‐
spawn)	  and	  2015	  than	  the	  freshet.	  	  
	  





Figure	  3.13	  River	  and	  hyporheic	  TDP	  concentrations	  (mg/L).	  Cross	  separate	  from	  grid	  is	  where	  
river	  grab	  samples	  were	  taken.	  	  
	  
Like	  al	  the	  other	  nutrients,	  TP	  concentrations	  were	  also	  highest	  on	  September	  28th,	  
except	  in	  the	  case	  of	  TP	  the	  increase	  was	  more	  magnified	  than	  the	  other	  nutrients.	  
Visual	  observations	  of	  the	  water	  samples	  noted	  that	  TP	  concentrations	  corresponded	  
with	  higher	  amounts	  of	  fine	  suspended	  sediment	  in	  the	  water	  samples.	  Water	  
samples	  were	  typicaly	  more	  turbid	  during	  periods	  of	  low	  hyporheic	  and	  river	  water	  
level,	  and	  most	  frequently	  in	  P5.	  TP	  concentrations	  during	  the	  freshet	  were	  elevated	  
very	  slightly,	  most	  notably	  in	  the	  middle	  and	  downstream	  half	  of	  the	  piezometer	  grid.	  	  
	  
	  





Figure	  3.14	  River	  and	  piezometer	  TP	  concentrations	  (mg/L).	  Cross	  separate	  from	  grid	  is	  where	  
river	  grab	  samples	  were	  taken.	  	  
	  
Overal	  there	  was	  a	  spatial	  pattern	  that	  existed	  between	  the	  total	  and	  dissolved	  
nutrients.	  The	  highest	  concentrations	  for	  NH4+	  and	  TDP	  were	  found	  in	  the	  
piezometers	  closest	  to	  the	  river.	  TN	  and	  TP	  concentrations	  were	  typicaly	  higher	  in	  
the	  middle	  and	  back	  rows,	  except	  during	  the	  spawn.	  	  
3.4.2.2 Spatial-­‐temporal	  variation	  in	  nutrient	  concentrations	  
Comparison	  of	  mixed-­‐efects	  models	  found	  that	  the	  two	  models	  that	  best	  described	  
the	  variation	  in	  hyporheic	  nutrient	  concentrations	  across	  al	  sampled	  seasons	  were:	  
1)	  piezometer	  as	  a	  fixed	  efect	  and	  sampling	  date	  as	  a	  random	  efect,	  and	  2)	  the	  
interaction	  between	  piezometer	  and	  season	  as	  fixed	  efects	  and	  sampling	  date	  as	  a	  
random	  efect	  (Table	  3.3).	  The	  Bayesian	  Information	  Criteria	  (BIC)	  tended	  to	  favour	  
the	  simpler	  model	  over	  the	  model	  with	  the	  interaction	  term,	  whereas	  Akaike’s	  




Information	  Criteria	  (AIC)	  was	  lowest	  for	  the	  model	  with	  the	  greatest	  amount	  of	  
variation	  explained,	  or	  the	  highest	  R2	  value.	  	  
For	  the	  dissolved	  nutrients	  (NH4+	  and	  TDP)	  the	  model	  with	  the	  interaction	  term	  
between	  season	  and	  piezometer	  accounted	  for	  the	  greatest	  amount	  of	  variation,	  
however	  for	  the	  total	  nutrients	  (TN	  and	  TP)	  the	  interaction	  between	  season	  and	  
piezometer	  accounted	  for	  only	  5-­‐10%	  more	  variation	  than	  piezometer	  alone.	  
Approximately	  20%	  of	  variation	  in	  the	  dissolved	  nutrients	  was	  explained	  by	  
piezometer,	  whereas	  piezometer	  accounted	  for	  50-­‐60%	  of	  variation	  in	  the	  total	  
nutrients.	  Both	  lateral	  and	  longitudinal	  flow	  path	  groupings	  did	  not	  explain	  very	  


















Table	  3.3	  Results	  for	  mixed-­‐efects	  model	  comparisons.	  Al	  models	  were	  compared	  against	  the	  
first	  model	  in	  the	  spatial	  or	  temporal	  groups	  (no	  corresponding	  P-­‐value).	  Reported	  
significant	  P-­‐values	  show	  that	  the	  model	  is	  significantly	  diferent	  from	  the	  first	  model.	  
R2	  values	  were	  calculated	  for	  each	  individual	  model.	  The	  asterisk	  between	  explanatory	  
variables	  shows	  that	  an	  interaction	  term	  was	  included.	  	  






sqrt(NH4)	  ~	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
Lateral	  flow	  +	  (1	  |	  Date)	   5	   525.67	   544.43	   257.83	   -­‐	   0.125	   0.490	  
Longitudinal	  flow	  +	  (1	  |	  Date)	   5	   573.86	   592.62	   281.93	   1	   0.038	   0.407	  
Lateral	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   492.83	   515.35	   240.42	   <0.0001	   0.12	   0.590	  
Longitudinal	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   499.14	   521.66	   243.57	   1	   0.031	   0.610	  
Piezo	  +	  (1	  |	  Date)	   11	   477.66	   518.94	   227.83	   <0.0001	   0.21	   0.580	  
Season	  +	  (1	  |	  Date)	   6	   580.94	   603.45	   284.47	   -­‐	   0.138	   0.375	  
Season	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   7	   487.18	   513.45	   236.59	   <0.0001	   0.141	   0.595	  
Season	  *	  Piezo	  +	  (1	  |	  Date)	   38	   442.33	   584.93	   183.16	   <0.0001	   0.421	   0.661	  
sqrt(TN)	  ~	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
Lateral	  flow	  +	  (1	  |	  Date)	   5	   26.51	   45.51	   -­‐8.26	   -­‐	   0.103	   0.194	  
Longitudinal	  flow	  +	  (1	  |	  Date)	   5	   42.695	   61.69	   -­‐16.35	   1	   0.062	   0.149	  
Lateral	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   -­‐168.17	   -­‐145.37	   90.08	   <0.0001	   0.094	   0.691	  
Longitudinal	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   -­‐167.17	   -­‐144.37	   89.58	   1	   0.051	   0.696	  
Piezo	  +	  (1	  |	  Date)	   11	   -­‐198.83	   -­‐157.04	   110.41	   <0.0001	   0.5	   0.635	  
Season	  +	  (1	  |	  Date)	   6	   40.207	   63.001	   -­‐14.10	   -­‐	   0.095	   0.095	  
Season	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   7	   195.842	   -­‐169.25	   209.84	   <0.0001	   0.09	   0.655	  
Season	  *	  Piezo	  +	  (1	  |	  Date)	   38	   223.546	   -­‐79.181	   149.78	   <0.0001	   0.626	   0.668	  
sqrt(TDP)	  ~	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
Lateral	  flow	  +	  (1	  |	  Date)	   5	   -­‐855.73	   -­‐837.15	   432.87	   -­‐	   0.031	   0.305	  
Longitudinal	  flow	  +	  (1	  |	  Date)	   5	   -­‐866.64	   -­‐848.05	   438.32	   <0.0001	   0.054	   0.343	  
Lateral	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   -­‐908.52	   -­‐886.22	   460.26	   <0.0001	   0.049	   0.555	  
Longitudinal	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   -­‐909.98	   -­‐887.68	   460.99	   <0.0001	   0.079	   0.549	  
Piezo	  +	  (1	  |	  Date)	   11	   -­‐930.25	   -­‐889.36	   476.13	   <0.0001	   0.206	   0.476	  
Season	  +	  (1	  |	  Date)	   6	   -­‐861.62	   -­‐839.32	   436.81	   -­‐	   0.149	   0.291	  
Season	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   7	   -­‐922.71	   -­‐896.69	   468.35	   <0.0001	   0.113	   0.520	  
Season	  *	  Piezo	  +	  (1	  |	  Date)	   38	   -­‐913.56	   -­‐772.32	   989.56	   0.009	   0.358	   0.495	  
sqrt(TP)	  ~	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
Lateral	  flow	  +	  (1	  |	  Date)	   5	   1073.79	  1091.63	  531.89	   -­‐	   0.068	   0.121	  
Longitudinal	  flow	  +	  (1	  |	  Date)	   5	   1025.89	  1043.73	  507.95	   <0.0001	   0.213	   0.288	  
Lateral	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   862.29	   883.7	   425.15	   <0.0001	   0.056	   0.757	  
Longitudinal	  flow	  	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   859.81	   881.22	   423.91	   <0.0001	   0.163	   0.744	  
Piezo	  +	  (1	  |	  Date)	   11	   829.57	   868.82	   403.78	   <0.0001	   0.584	   0.702	  
Season	  +	  (1	  |	  Date)	   5	   1081.12	  1102.53	  534.56	   -­‐	   0.057	   0.057	  
Season	  +	  (1	  |	  Date)	  +	  (1	  |	  Piezo)	   6	   850.39	   875.37	   418.20	   <0.0001	   0.057	   0.718	  
Season	  *	  Piezo	  +	  (1	  |	  Date)	   29	   747.92	   883.52	   335.96	   <0.0001	   0.731	   0.804	  
	  
	  




The	  model	  results	  suggest	  that	  there	  is	  very	  high	  spatial	  variability	  within	  the	  
hyporheic	  zone	  that	  cannot	  be	  explained	  by	  either	  of	  the	  flow	  path	  groupings.	  Season	  
alone	  accounted	  for	  6-­‐15%	  of	  variation	  in	  al	  nutrient	  concentrations.	  Sample	  date	  
within	  each	  seasonal	  group	  accounted	  for	  approximately	  15%	  of	  variation	  for	  
dissolved	  nutrient	  concentrations.	  This	  is	  likely	  the	  result	  of	  the	  high	  degree	  of	  
variation	  within	  seasons,	  such	  as	  the	  nutrient	  spike	  on	  September	  28th	  during	  the	  
spawn.	  From	  the	  model	  results	  it	  would	  appear	  that	  overal	  more	  variation	  could	  be	  
attributed	  to	  spatial	  variability	  in	  the	  hyporheic	  zone	  rather	  than	  defined	  temporal	  
trends.	  	  	  
3.4.2.3 Nutrient	  concentrations	  and	  flow	  
Pearson	  correlations	  found	  that	  al	  hyporheic	  nutrient	  concentrations	  except	  TP	  were	  
significantly	  positively	  correlated	  with	  the	  river	  nutrient	  concentrations	  across	  al	  
seasons	  (Figure	  3.15).	  The	  flow	  variables	  that	  were	  expected	  to	  have	  the	  greatest	  
influence	  on	  the	  nutrient	  concentrations	  were	  river	  velocity	  and	  level,	  the	  vertical	  
hydraulic	  gradient	  (VHG),	  and	  the	  depth	  or	  thickness	  of	  sediment	  moving	  through	  the	  
piezometer.	  No	  strong	  consistent	  patterns	  in	  the	  Kendal	  tau	  rank	  test	  correlations	  
between	  the	  hyporheic	  and	  river	  flow	  variables	  and	  nutrient	  concentrations	  were	  
found.	  There	  were	  however	  some	  significant	  findings	  worth	  noting.	  During	  the	  spawn	  
river	  discharge	  remained	  relatively	  stable	  until	  late	  into	  the	  decay	  stage	  when	  it	  
began	  increasing.	  NH4+,	  TN,	  and	  TDP	  were	  al	  significantly	  negatively	  correlated	  with	  
river	  level	  (NH4+:	  τ	  =	  -­‐0.22,	  p	  =	  0.002;	  TN:	  τ	  =	  -­‐0.15,	  p	  =	  0.03;	  TDP:	  τ	  =	  -­‐0.42,	  p	  <	  
0.0001;	  TP:	  τ	  =	  +0.059,	  p	  =	  0.4).	  This	  could	  be	  the	  result	  of	  a	  hydrological	  flushing	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C	  was	  situated	  on	  the	  top	  of	  a	  smal	  ridge	  further	  away	  from	  the	  river	  and	  above	  the	  
2015	  flood	  level.	  Below	  the	  top	  30-­‐cm	  soil	  textures	  were	  quite	  homogenous	  in	  al	  
three	  pits,	  especialy	  A	  and	  B	  (Figure	  3.17a).	  Al	  layers	  were	  classed	  as	  silty	  fine	  sand.	  
Coarse	  fragments	  (>	  2-­‐mm)	  made	  up	  less	  than	  1%,	  and	  the	  percent	  of	  sand	  increased	  
with	  depth	  from	  55	  to	  85%	  for	  pits	  A	  and	  B.	  The	  percent	  sand	  in	  pit	  C	  fluctuated	  
between	  20%	  and	  80%	  with	  no	  regular	  pattern.	  On	  average	  80%	  of	  the	  sand	  was	  fine	  
sand	  (<	  200-­‐μm).	  Hydraulic	  conductivity	  calculated	  for	  piezometers	  1,	  6	  and	  7	  were	  
2.2	  x	  10-­‐5,	  3.6	  x	  10-­‐4,	  and	  2.7	  x	  10-­‐4,	  respectively.	  Al	  three	  of	  these	  values	  were	  within	  
the	  range	  for	  silty	  fine	  sands	  (Freeze	  and	  Cherry	  1979).	  	  
	  
A) B) 	  
	  
Figure	  3.17	  Pictures	  of	  pit	  A	  profile.	  A)	  Bottom	  1-­‐m	  of	  profile	  showing	  homogeneity	  of	  sand.	  B)	  
Bottom	  of	  pit	  showing	  the	  change	  in	  colour	  of	  mobile	  sediment	  layer.	  	  
	  
As	  depth	  increased	  the	  ratio	  of	  13C	  to	  12C	  also	  increased,	  and	  the	  percent	  of	  organic	  
matter	  decreased	  (Figure	  3.18).	  The	  δ15N	  values	  increased	  in	  the	  top	  30-­‐50	  cm	  and	  
then	  gradualy	  decreased	  with	  depth.	  The	  C/N	  ratios	  folowed	  an	  opposite	  trend	  in	  
that	  they	  decreased	  with	  increasing	  depth	  in	  the	  top	  30-­‐50	  cm	  and	  then	  increased	  




with	  the	  decreasing	  δ15N	  values.	  The	  70-­‐cm	  sample	  for	  pit	  C	  strayed	  from	  the	  
expected	  trend	  for	  δ15N,	  the	  C/N	  ratio,	  and	  the	  percent	  sand	  (84%),	  but	  was	  
otherwise	  similar	  to	  the	  two	  pits	  within	  the	  riparian	  area.	  In	  Figure	  3.18	  a	  solid	  line	  
was	  inserted	  at	  the	  highest	  elevation	  point	  that	  the	  mobile	  deep	  layer	  of	  sediment	  
reached.	  This	  was	  included	  to	  show	  that	  sediment	  layers	  below	  834.71	  masl	  likely	  
exhibit	  a	  higher	  turnover	  rate	  than	  the	  above	  hyporheic	  sediment	  matrix,	  and	  that	  pit	  
C	  was	  excavated	  above	  this	  point.	  	  
	  
	  
Figure	  3.18	  Plots	  of	  pit	  variables	  by	  elevation	  (masl)	  starting	  on	  the	  left	  with	  the	  highest	  
elevation	  (surface).	  Vertical	  solid	  line	  represents	  the	  maximum	  elevation	  that	  the	  

































Of	  the	  three	  retrieved	  turf	  mats	  two	  had	  a	  suficient	  quantity	  of	  sediment	  for	  isotope	  
analysis	  (Table	  3.4).	  The	  δ15N	  values	  were	  consistent	  with	  the	  pit	  surface	  values,	  and	  
the	  δ13C	  values	  for	  the	  sediment	  on	  the	  turf	  mats	  suggests	  that	  carbon-­‐rich	  plant	  
material	  was	  deposited	  during	  the	  flood.	  	  
	  
	  
Table	  3.4	  Carbon	  and	  nitrogen	  isotope	  data	  for	  pre-­‐flood	  surface	  scrapings	  and	  the	  two	  post-­‐
flood	  retrieved	  turf	  mats.	  
	  	   δ13C	   δ15N	   C/N	  	  
Pre-­‐Flood	   -­‐28.29	   2.84	   12.70	  -­‐28.67	   2.70	   14.87	  




As	  mentioned	  in	  the	  introduction,	  most,	  if	  not	  al,	  previous	  research	  on	  the	  transport,	  
storage,	  and	  transformation	  of	  MDN	  in	  the	  hyporheic	  zone	  has	  focused	  on	  spawning	  
gravels	  in	  streams,	  or	  the	  coarse	  aluvial	  deposits	  of	  riparian	  zones	  and	  gravel	  bars.	  
The	  results	  from	  past	  research	  on	  the	  hyporheic	  zone	  in	  salmon-­‐bearing	  streams	  
showed	  that	  N	  and	  P	  from	  spawning	  salmon	  does	  enter	  the	  riparian	  subsurface	  flow	  
in	  gravel	  bed	  streams	  (O’Keefe	  and	  Edwards	  2003),	  and	  that	  uptake	  and	  
transformation	  of	  MDN	  within	  the	  hyporheic	  zone	  is	  strongly	  correlated	  with	  
residence	  time	  (Pinay	  et	  al.	  2009;	  Zarnetske	  et	  al.	  2011).	  The	  objective	  of	  this	  study	  
was	  to	  also	  determine	  if	  MDN	  was	  transported	  into	  the	  hyporheic	  zone	  of	  a	  sand-­‐bed	  
meandering	  floodplain	  reach	  that	  had	  no	  suitable	  spawning	  habitat	  within	  at	  least	  5-­‐
km	  in	  either	  direction	  of	  the	  piezometer	  site.	  During	  the	  spawn	  however,	  
approximately	  67,000	  sockeye	  salmon	  traveled	  past	  the	  site	  to	  spawn	  upstream.	  Due	  




to	  the	  lack	  of	  appropriate	  spawning	  substrate	  in	  front	  of	  the	  site	  only	  a	  handful	  of	  
carcasses	  were	  washed	  or	  carried	  onto	  the	  beach	  by	  predators,	  and	  only	  two	  made	  it	  
onto	  the	  surface	  of	  the	  piezometer	  grid	  at	  P7.	  	  
The	  findings	  from	  this	  study	  both	  support	  the	  findings	  from	  previous	  research	  on	  
gravel	  bed	  hyporheic	  zones,	  as	  wel	  as	  provide	  a	  novel	  discovery	  on	  the	  potential	  
mobility	  of	  finer	  sediments	  in	  hyporheic	  zones.	  	  
Consistent	  with	  previous	  studies	  this	  project	  found	  that:	  1)	  both	  hyporheic	  and	  river	  
nutrient	  concentrations	  increased	  during	  the	  time	  spawning	  salmon	  were	  present	  
(O’Keefe	  and	  Edwards	  2003),	  2)	  NH4+	  and	  TDP	  concentrations	  were	  highest	  in	  the	  
piezometers	  closest	  to	  the	  river	  (Pinay	  et	  al.	  2009),	  and	  3)	  nutrient	  cycling	  in	  the	  
hyporheic	  zone	  exhibits	  high	  spatial	  and	  temporal	  variability	  (Bernard-­‐Jannin	  et	  al.	  
2017).	  
3.5.1 Hyporheic	  flow	  in	  the	  floodplain	  riparian	  zone	  
The	  hyporheic	  hydraulic	  head	  measurements	  confirmed	  the	  existence	  of	  subsurface	  
flow	  under	  the	  riparian	  area	  of	  the	  Horsefly	  River	  floodplain.	  Flow	  through	  the	  
floodplain	  hyporheic	  zone	  was	  primarily	  driven	  by	  river	  hydrology	  (Figure	  3.4).	  The	  
grid	  site	  was	  situated	  on	  the	  inside	  bend	  of	  a	  meander	  (Figure	  3.2).	  Flow	  was	  
expected	  to	  cut	  across	  the	  meander	  bend	  and	  run	  through	  the	  grid	  in	  a	  downstream,	  
longitudinal	  flow	  direction	  (Cardenas	  et	  al.	  2004).	  However,	  the	  results	  from	  the	  
spatial	  interpolation	  of	  the	  average	  hydraulic	  head	  and	  water	  elevation	  showed	  that	  
although	  flow	  from	  the	  river	  did	  occur	  longitudinaly,	  lateral	  flow	  might	  have	  
dominated	  during	  higher	  magnitude	  discharge	  events	  (Figure	  3.8	  and	  3.19).	  	  
	  





Figure	  3.19	  Close-­‐up	  of	  piezometer	  grid	  with	  lateral	  and	  longitudinal	  flow	  paths	  from	  the	  river.	  
Inset	  map	  shows	  overview	  of	  floodplain	  meander	  bends.	  
	  
	  
Flow	  paths,	  both	  those	  from	  the	  river	  and	  those	  within	  the	  hyporheic	  zone,	  were	  
dynamic	  and	  appeared	  to	  depend	  on	  the	  stage	  of	  the	  river,	  the	  magnitude	  of	  the	  
hydrological	  change,	  and	  the	  movement	  of	  the	  hyporheic	  sediment.	  The	  dynamic	  
nature	  of	  flow	  paths	  is	  wel	  documented	  in	  the	  literature	  for	  hyporheic	  zones	  and	  
floodplains	  consisting	  of	  finer	  sediments	  (Arntzen	  et	  al.	  2006;	  Poole	  et	  al.	  2006;	  
Stofleth	  et	  al.	  2008;	  Nowinski	  et	  al.	  2011),	  yet	  the	  degree	  with	  which	  sediment	  
fluctuated	  through	  the	  bottom	  third	  of	  the	  piezometers	  was	  unexpected,	  and	  
unreported	  in	  the	  literature	  reviewed.	  
Site	  P3	  consistently	  reacted	  the	  earliest	  to	  changes	  in	  the	  river	  flow,	  was	  the	  only	  
downweling	  piezometer	  (VHG	  <	  0),	  could	  never	  be	  purged	  completely,	  and	  had	  a	  
sediment	  layer	  that	  changed	  very	  little.	  Site	  P1	  had	  similar	  timing	  to	  P3,	  which	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mildly	  upweling	  (VHG	  <	  0.25),	  whereas	  the	  remainder	  of	  the	  piezometers	  were	  more	  
strongly	  upweling	  (VHG	  >	  0.25).	  It	  was	  expected	  that	  most	  of	  the	  piezometers	  would	  
be	  upweling	  because	  river	  stage	  was	  being	  monitored	  downstream	  of	  the	  grid.	  The	  
average	  elevation	  of	  the	  riverbed	  (it	  fluctuated	  slightly	  during	  freshet)	  was	  very	  close	  
to	  the	  elevation	  of	  the	  bottom	  of	  the	  piezometers	  (riverbed	  =	  834	  masl;	  bottom	  of	  
piezometers	  =	  833.8	  masl).	  Site	  P2	  was	  perched	  higher	  on	  the	  bank	  than	  P1	  and	  P3.	  It	  
was	  unclear	  whether	  flow	  into	  P2	  was	  directly	  from	  the	  river	  or	  from	  P3	  and	  P1.	  Sites	  
P5	  and	  P8	  exhibited	  the	  least	  predictable	  flow	  patterns	  and	  relative	  water	  elevations	  
during	  high	  flow	  events;	  sometimes	  they	  would	  be	  amongst	  the	  earliest	  to	  peak	  and	  
sometimes	  the	  last.	  Both	  of	  these	  piezometers	  were	  located	  in	  the	  middle	  row	  and	  
appeared	  to	  receive	  flow	  from	  multiple	  pathways	  as	  water	  filed	  the	  piezometer	  grid.	  
This	  likely	  contributed	  to	  the	  less	  consistent	  flow	  patterns.	  The	  mobile	  deep	  sediment	  
layer	  mentioned	  was	  most	  prominent	  in	  P5.	  Site	  P5	  was	  typicaly	  the	  slowest	  to	  
recharge	  and	  the	  only	  piezometer	  to	  be	  both	  upweling	  and	  downweling	  during	  the	  
freshet	  because	  of	  the	  flux	  of	  sediment	  that	  moved	  through.	  	  
	  
3.5.2 Spatial	  and	  temporal	  nutrient	  trends	  in	  the	  river	  and	  hyporheic	  zone	  
The	  previous	  section	  showed	  that	  the	  river	  was	  the	  dominant	  source	  of	  flow	  through	  
the	  floodplain	  hyporheic	  zone.	  Hyporheic	  and	  river	  nutrient	  concentrations	  were	  also	  
positively	  correlated,	  significantly	  so	  for	  NH4+,	  TN,	  and	  TDP.	  The	  combined	  river	  and	  
hyporheic	  nutrient	  concentration	  trends	  provide	  evidence	  that	  MDN	  is	  transported	  
with	  river	  water	  into	  the	  hyporheic	  zone	  during	  the	  spawn	  (Figure	  3.20).	  A	  spike	  in	  
al	  four	  nutrient	  concentrations	  occurred	  when	  spawning	  and	  decaying	  sockeye	  




salmon	  were	  present	  in	  the	  river.	  This	  increase	  was	  mirrored	  to	  some	  degree	  in	  the	  
river,	  especialy	  for	  the	  dissolved	  nutrients.	  Nutrient	  concentrations	  began	  to	  rise	  
again	  late	  in	  the	  decay	  stage	  along	  with	  the	  rise	  in	  discharge,	  suggestive	  of	  a	  
hydrological	  re-­‐mobilization	  of	  hyporheic	  nutrients.	  At	  the	  end	  of	  the	  winter,	  al	  
nutrient	  concentrations	  except	  TDP	  were	  elevated,	  and	  then	  declined	  during	  the	  
ascending	  limb	  of	  the	  freshet.	  This	  could	  be	  from	  a	  flushing	  efect	  or	  dilution.	  The	  
trends	  for	  NH4+	  and	  TDP	  show	  a	  second	  smal	  increase	  late	  in	  the	  freshet	  and	  may	  
have	  been	  from	  the	  infiltration	  of	  floodwater	  into	  the	  soil.	  	  
Hyporheic	  nutrient	  concentrations	  did	  not	  consistently	  increase	  or	  decrease	  in	  
relation	  to	  any	  of	  the	  measured	  hyporheic	  or	  river	  flow	  variables,	  but	  some	  patterns	  
did	  exist.	  NH4+	  was	  negatively	  correlated	  with	  VHG	  during	  al	  seasons	  but	  the	  freshet,	  
which	  was	  likely	  due	  to	  the	  high	  concentrations	  found	  in	  P3.	  Total	  N	  and	  P	  were	  
highly	  positively	  correlated	  with	  the	  movement	  of	  sediment	  through	  the	  piezometer	  
grid.	  This	  would	  suggest	  that	  non-­‐mineralized	  forms	  of	  N	  and	  P	  are	  from	  sediment-­‐
associated	  organic	  matter.	  	  
	  





Figure	  3.20	  Temporal	  trends	  for	  the	  average	  hyporheic	  (solid	  black	  line)	  and	  river	  (dashed	  grey	  
line)	  nutrient	  concentrations.	  River	  discharge,	  shown	  in	  light	  blue,	  was	  divided	  by	  a	  
value	  of	  10	  to	  provide	  a	  visual	  presentation	  of	  the	  two	  trends.	  
	  
The	  results	  from	  the	  mixed-­‐efects	  models	  showed	  that	  there	  was	  stil	  a	  large	  amount	  
of	  variation	  in	  the	  seasonal	  groupings	  of	  nutrient	  concentration.	  There	  were	  spikes	  
that	  occurred	  during	  the	  spawn	  and	  the	  freshet,	  but	  the	  elevated	  values	  were	  not	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degree	  of	  natural	  temporal	  variation	  in	  hyporheic	  nutrients	  (Figure	  3.20).	  The	  models	  
also	  found	  that	  there	  was	  an	  even	  higher	  degree	  of	  spatial	  variation	  in	  hyporheic	  
nutrients.	  The	  presence	  of	  hotspots	  may	  explain	  some	  of	  the	  spatial	  variation	  found	  in	  
the	  nutrient	  concentrations.	  McClain	  et	  al.	  (2003)	  defined	  hotspots	  as	  patches	  of	  the	  
ecosystem	  where	  higher	  reaction	  rates	  occur	  relative	  to	  surrounding	  areas.	  
Biogeochemical	  hotspots	  tend	  to	  occur	  where	  hydrological	  flow	  paths	  converge,	  both	  
between	  the	  river	  and	  the	  hyporheic	  zone	  and	  within	  the	  hyporheic	  zone.	  This	  would	  
apply	  to	  both	  diferences	  within	  the	  piezometer	  grid	  as	  wel	  as	  diferences	  between	  
the	  river	  and	  hyporheic	  zone.	  The	  highest	  dissolved	  nutrient	  concentrations	  occurred	  
at	  the	  interface	  between	  surface	  and	  subsurface	  flow,	  and	  the	  highest	  total	  nutrient	  
concentrations	  occurred	  where	  multiple	  subsurface	  paths	  converged	  (Figure	  3.21).	  
Al	  nutrient	  concentrations	  were	  higher	  in	  the	  hyporheic	  zone	  than	  in	  the	  river,	  
although	  only	  at	  P3	  for	  TDP.	  The	  average	  values	  for	  hyporheic	  TP	  during	  the	  spawn	  
were	  5-­‐40	  times	  higher	  than	  in	  the	  river	  during	  low	  flows,	  1-­‐2	  times	  higher	  for	  TN,	  
and	  NH4+	  was	  up	  to	  5	  times	  greater	  in	  the	  front	  row	  of	  the	  piezometers.	  Ammonium	  
values	  found	  in	  the	  river	  were	  consistent	  with	  what	  O’Keefe	  and	  Edwards	  (2003)	  
reported	  for	  surface	  water	  during	  the	  spawn,	  but	  hyporheic	  values	  were	  5-­‐10	  times	  
higher	  in	  the	  Horsefly	  floodplain.	  The	  LaMotte	  instrument	  that	  was	  used	  to	  analyze	  
the	  water	  samples	  was	  tested	  using	  standards	  and	  found	  to	  have	  greater	  than	  90%	  
accuracy.	  The	  riparian	  vegetation	  (Salix	  spp.)	  potentialy	  contributed	  to	  the	  high	  NH4+	  
concentrations	  found	  in	  the	  row	  of	  piezometers	  closest	  to	  the	  river.	  	  These	  
piezometers	  were	  al	  located	  within	  <1-­‐m	  of	  the	  riparian	  wilow	  trees.	  Schade	  et	  al.	  
(2001)	  identified	  plant	  roots	  as	  hotspots	  for	  denitrification	  because	  the	  roots	  




provided	  a	  reactant	  that	  was	  missing	  in	  surface	  waters.	  This	  would	  also	  potentialy	  
explain	  why	  the	  NH4+	  concentrations	  were	  5x	  higher	  than	  the	  river	  and	  the	  TN	  
concentrations	  were	  only	  2x	  higher.	  
	  
	  
Figure	  3.21	  Range	  of	  nutrient	  concentrations	  (mg/L)	  within	  each	  of	  the	  piezometers	  over	  the	  
entire	  sampling	  period.	  P1-­‐P9	  are	  the	  values	  for	  the	  piezometer	  sites	  and	  R	  is	  value	  for	  
the	  river	  site.	  	  
	  
3.5.3 Retention	  of	  MDN	  in	  the	  hyporheic	  zone	  
Spatial	  and	  temporal	  analysis,	  including	  space-­‐time	  plots	  and	  trend	  lines,	  for	  NH4+,	  
TN,	  TDP,	  and	  TP	  concentrations	  indicated	  that	  MDN	  were	  transported	  by	  surface	  
river	  flow	  into	  the	  hyporheic	  zone	  during	  the	  spawn.	  Previous	  research	  found	  
evidence	  to	  support	  the	  retention	  of	  N	  in	  the	  hyporheic	  zone	  by	  showing	  that	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dissolved	  N	  was	  either	  taken	  up	  or	  transformed	  rapidly	  along	  the	  flow	  paths	  (Pinay	  et	  
al.	  2009).	  	  The	  retention	  of	  P	  is	  likely	  to	  occur	  with	  it	  being	  adsorbed	  onto	  the	  high	  
sediment	  surface	  area	  of	  fine-­‐grained	  sediment	  found	  in	  hyporheic	  zones	  (Withers	  
and	  Jarvie	  2008).	  The	  dynamic	  flow	  paths	  found	  in	  the	  Horsefly	  River	  floodplain,	  due	  
to	  the	  mobility	  of	  the	  silty	  sands,	  made	  tracking	  the	  nutrients	  along	  designated	  flow	  
paths	  chalenging,	  but	  the	  general	  spatial-­‐temporal	  trend	  of	  NH4+	  and	  TDP	  were	  
consistent	  with	  other	  research	  findings	  and	  expectations.	  During	  the	  spawn	  NH4+	  was	  
highest	  in	  the	  piezometers	  closest	  to	  the	  river	  suggesting	  rapid	  uptake	  or	  nitrification.	  
Water	  samples	  were	  analyzed	  for	  NO3-­‐	  but	  the	  concentrations	  were	  typicaly	  lower	  
than	  the	  LaMotte	  detection	  limits.	  The	  limited	  results	  that	  were	  obtained	  showed	  that	  
NO3-­‐	  concentrations	  were	  higher	  in	  the	  river	  than	  the	  piezometers,	  suggesting	  that	  
uptake,	  or	  denitrification,	  rather	  than	  nitrification	  was	  more	  likely	  occurring.	  The	  
trend	  for	  TDP	  was	  similar	  in	  that	  the	  concentrations	  were	  highest	  in	  the	  river	  and	  at	  
site	  P3.	  Like	  NH4+,	  this	  suggests	  either	  rapid	  uptake	  by	  plants	  and	  microbes,	  or	  
adsorption	  of	  TDP	  onto	  the	  sediment.	  Further	  evidence	  that	  P	  is	  retained	  by	  sediment	  
adsorption	  comes	  from	  the	  finding	  that	  TP	  concentrations	  increased	  as	  more	  
sediment	  filed	  the	  bottom	  of	  the	  piezometers	  during	  al	  seasons.	  	  
3.5.4 Conclusions	  and	  future	  research	  potential	  
The	  objective	  of	  this	  project	  was	  to	  explore	  the	  potential	  for	  a	  floodplain	  hyporheic	  
zone,	  located	  approximately	  5-­‐km	  downstream	  of	  active	  spawning,	  to	  retain	  MDN	  
over	  winter.	  Three	  key	  findings	  of	  this	  project	  support	  that	  there	  is	  the	  potential	  for	  
retention:	  1)	  The	  timing	  of	  hyporheic	  and	  river	  nutrient	  spikes	  provide	  evidence	  that	  
MDN	  was	  transported	  from	  the	  river	  channel	  into	  the	  floodplain	  hyporheic	  zone	  




during	  the	  spawn,	  2)	  a	  spatial	  analysis	  of	  nutrient	  concentrations	  and	  flow	  paths	  was	  
consistent	  with	  findings	  from	  previous	  research	  that	  found	  that	  NH4+	  and	  TDP	  are	  
rapidly	  removed	  within	  the	  hyporheic	  zone,	  and	  3)	  the	  novel	  discovery	  of	  a	  deep	  
mobile	  layer	  of	  fine	  sediment	  that	  was	  correlated	  with	  the	  concentration	  of	  total	  
nutrients	  suggests	  that	  the	  hyporheic	  zone	  has	  the	  potential	  to	  be	  a	  conveyor	  belt	  of	  
TN	  and	  TP	  between	  surface	  and	  subsurface	  flow.	  	  
What	  is	  missing	  from	  the	  results	  of	  this	  project	  is	  an	  explanation	  for	  the	  much	  higher	  
concentrations	  in	  the	  hyporheic	  zone	  than	  the	  river	  and	  confirmation	  of	  the	  source	  of	  
the	  hyporheic	  nutrients.	  One	  potential	  explanation	  for	  the	  higher	  concentrations	  is	  
that	  nutrients	  are	  more	  concentrated	  in	  the	  longer	  residence	  time	  of	  water	  in	  the	  
hyporheic	  zone	  than	  the	  higher	  volume	  surface	  river	  flows	  (Zarnetske	  et	  al.	  2011).	  If	  
this	  were	  the	  case	  then	  sampled	  water	  could	  contain	  nutrients	  from	  a	  number	  of	  
diferent	  sources.	  Nutrients	  that	  the	  floodplain	  receives	  through	  surface	  infiltration	  
and	  hyporheic	  exchange	  are	  stored,	  transformed,	  and	  re-­‐mobilized	  at	  an	  
undetermined	  spatialy	  and	  temporaly	  variable	  rate.	  The	  distance	  that	  the	  floodplain	  
site	  was	  located	  from	  upstream	  and	  downstream	  spawning	  habitat	  leads	  one	  to	  
wonder	  how	  far	  upstream	  the	  sampled	  hyporheic	  water	  had	  traveled	  in	  subsurface	  
flow.	  	  
The	  next	  step	  for	  future	  research	  is	  to	  try	  and	  tease	  apart	  the	  contributing	  nutrient	  
sources	  and	  dynamics	  within	  the	  hyporheic	  zone	  to	  try	  and	  determine	  if	  MDN	  was	  
retained,	  how	  long	  is	  it	  retained,	  and	  whether	  it	  is	  eventualy	  released	  back	  into	  the	  
stream	  to	  be	  used	  in	  primary	  production.	  In	  an	  attempt	  to	  track	  the	  seasonal	  
retention	  of	  MDN,	  hyporheic	  water	  samples	  colected	  were	  to	  be	  analyzed	  for	  N	  stable	  




isotopes	  at	  the	  University	  of	  Waterloo	  Isotope	  Laboratory.	  Unfortunately,	  of	  the	  water	  
samples	  sent	  away,	  only	  three	  had	  suficient	  concentrations	  of	  NH4+	  or	  NO3-­‐	  to	  be	  
analyzed.	  Samples	  from	  piezometers	  1,	  3	  and	  6	  colected	  on	  September	  11th,	  2014	  had	  
δ15N	  values	  of	  7.20,	  6.14	  and	  5.07.	  This	  very	  smal	  set	  of	  results	  supports	  the	  finding	  
that	  MDN	  entered	  the	  hyporheic	  zone	  (sockeye	  salmon	  δ15N	  =	  8-­‐10).	  Samples	  
folowing	  the	  spawn,	  especialy	  from	  the	  spring	  freshet,	  could	  have	  provided	  valuable	  
data	  on	  whether	  MDN	  remained	  in	  the	  hyporheic	  zone	  overwinter	  to	  be	  re-­‐mobilized	  
by	  the	  flood.	  Stable	  isotope	  analysis	  of	  dissolved	  N	  in	  water	  is	  a	  promising	  method	  for	  
future	  research	  looking	  at	  the	  retention	  of	  MDN,	  but	  wil	  require	  caution	  regarding	  
15N	  enrichment	  (Naiman	  et	  al.	  2002;	  Pinay	  et	  al.	  2003).	  Soil	  δ15N	  values	  were	  found	  to	  
increase	  in	  the	  top	  30-­‐50cm	  of	  the	  soil	  pits.	  This	  could	  likely	  have	  been	  due	  to	  
enrichment	  during	  dentrification.	  This	  region	  of	  sediment	  was	  only	  saturated	  briefly	  
during	  high	  discharge	  flow	  events	  (November	  2014	  and	  January	  2015)	  and	  the	  spring	  
freshet	  and	  would	  therefore	  receive	  less	  oxygen	  through	  flow.	  Anaerobic	  conditions	  
favour	  denitrification.	  This	  region	  is	  also	  within	  the	  rooting	  zone	  of	  both	  canary-­‐reed	  
grass	  and	  Salix	  spp.	  This	  would	  suggest	  that	  the	  enrichment	  of	  15N	  might	  also	  occur	  
due	  to	  preferential	  uptake	  by	  plants	  and	  soil	  microbes	  (Pinay	  et	  al.	  2003).





4 Conclusions	  and	  Management	  Implications	  
	  
4.1 Conclusions	  
This	  thesis	  was	  designed	  to	  continue	  research	  previously	  undertaken	  at	  the	  Quesnel	  
River	  Research	  Center	  and	  Horsefly	  River	  artificial	  spawning	  channel	  on	  the	  salmon	  
disturbance	  regime	  and	  the	  role	  of	  flocculation	  as	  a	  mechanism	  for	  the	  retention	  of	  
MDN	  in	  the	  streambed	  and	  hyporheic	  zone.	  Results	  from	  this	  thesis	  also	  contribute	  to	  
the	  broader	  body	  of	  literature	  on	  the	  seasonal	  movement	  and	  retention	  of	  MDN	  in	  
freshwater	  ecosystems.	  This	  project	  occurred	  on	  a	  natural	  spawning	  river	  in	  the	  
interior	  of	  BC	  during	  a	  peak	  return	  year	  for	  sockeye	  salmon.	  
Chapter	  2	  presented	  results	  on	  the	  response	  of	  the	  isotopic	  signature	  of	  re-­‐suspended	  
fine	  bed	  sediment	  to	  spawning	  salmon.	  Chapter	  3	  explored	  the	  transport	  of	  MDN	  into	  
the	  riparian	  hyporheic	  zone,	  but	  diverged	  from	  the	  trend	  of	  previous	  research	  by	  
studying	  a	  natural	  sand-­‐bed	  floodplain	  that	  was	  approximately	  5-­‐km	  downstream	  of	  
spawning	  habitat.	  	  	  
The	  findings	  in	  Chapter	  2	  demonstrated	  that	  sediment-­‐associated	  MDN	  settled	  onto	  
and	  was	  retained	  in	  the	  streambed	  and	  biofilm.	  The	  results	  supported	  findings	  
reported	  in	  Petticrew	  et	  al.	  (2011)	  that	  flocculation	  is	  a	  viable	  mechanism	  for	  the	  
retention	  of	  MDN	  in	  river	  channels.	  This	  chapter	  also	  presented	  results	  from	  MixSIAR,	  
a	  Bayesian	  mixing	  model.	  The	  model	  determined	  that	  the	  estimated	  proportion	  of	  
MDN	  in	  the	  re-­‐suspended	  bed	  sediment	  and	  associated	  biofilm	  was	  between	  25-­‐50%	  
during	  the	  spawn.	  These	  results	  support	  mixing	  model	  results	  from	  McConnachie	  and	  




Petticrew	  (2006)	  for	  suspended	  sediment	  sampled	  during	  a	  spawning	  event	  (O’Neil	  
Creek	  in	  north	  Central	  BC	  in	  2004).	  Additionaly,	  the	  broad	  spatial	  and	  temporal	  scale	  
alowed	  for	  the	  exploration	  of	  some	  site	  specific	  and	  hydrological	  characteristics	  that	  
might	  influence	  the	  length	  of	  time	  MDN	  wil	  remain	  in	  the	  streambed	  surface	  
sediment.	  The	  isotopic	  signature	  of	  the	  re-­‐suspended	  fine	  bed	  sediment	  difered	  
significantly	  spatialy	  and	  temporaly	  at	  the	  six	  sites	  located	  on	  the	  part	  of	  the	  channel	  
with	  salmon.	  The	  results	  showed	  that	  the	  response	  to	  MDN	  in	  the	  fine	  sediment	  
sampled	  at	  the	  three	  most	  downstream	  sites	  were	  significantly	  higher	  than	  the	  three	  
upstream	  sites.	  Two	  of	  the	  downstream	  sites	  were	  located	  in	  moderate	  to	  high	  quality	  
spawning	  gravels	  and	  the	  third	  had	  cobble	  substrate	  that	  was	  too	  large	  for	  sockeye	  to	  
build	  their	  redds.	  	  A	  number	  of	  previous	  studies	  have	  reported	  that	  the	  density	  of	  
spawners	  provided	  the	  best	  explanation	  for	  both	  the	  degree	  of	  benthic	  disturbance	  
and	  downstream	  MDN	  enrichment	  (Johnston	  et	  al.	  2004;	  Moore	  et	  al.	  2007;	  Levi	  et	  al.	  
2011).	  Holtgrieve	  et	  al.	  (2010)	  hypothesized	  that	  reaches	  with	  inappropriate	  
spawning	  substrate	  located	  downstream	  of	  active	  spawning	  would	  provide	  a	  refuge	  
for	  biofilm	  to	  trap	  MDN	  transported	  downstream.	  Tiegs	  et	  al.	  (2008)	  found	  that	  
sediment	  size	  was	  the	  strongest	  predictor	  of	  MDN	  enrichment	  in	  biofilm.	  Temporaly,	  
the	  frequency	  of	  scouring	  hydrological	  events	  plays	  a	  key	  role	  in	  the	  length	  of	  time	  
MDN	  is	  retained	  in	  the	  surface	  bed	  sediment	  (Battin	  2000;	  Chaloner	  et	  al.	  2007).	  The	  
results	  presented	  in	  Chapter	  2	  support	  the	  idea	  that	  spawner	  density,	  substrate,	  and	  
discharge	  al	  contributed	  to	  the	  spatial	  and	  temporal	  dynamics	  of	  MDN	  enrichment	  
and	  retention	  in	  the	  stream	  benthic	  community.	  	  




Previous	  research	  on	  the	  transport	  of	  MDN	  into	  subsurface	  flow	  paths	  has	  focused	  on	  
shalow	  hyporheic	  zones	  underneath	  salmon	  redds	  and	  gravel	  streambeds,	  or	  gravel	  
dominated	  riparian	  hyporheic	  zones.	  Chapter	  3	  presented	  novel	  results	  on	  the	  
movement	  of	  MDN	  through	  a	  silty-­‐sand	  hyporehic	  zone	  located	  under	  a	  floodplain	  
riparian	  zone	  of	  a	  meander	  bend.	  	  The	  findings	  reported	  in	  Chapter	  3	  support	  
previous	  research	  findings	  that	  during	  the	  spawn	  MDN	  is	  transported	  from	  surface	  to	  
subsurface	  flow,	  and	  that	  NH4+	  and	  TDP	  are	  rapidly	  taken	  up	  or	  adsorbed	  along	  
hyporehic	  flow	  paths	  (O’Keefe	  and	  Edwards	  2003;	  Pinay	  et	  al.	  2009,	  Vanden	  Busch	  
2015).	  Tracking	  MDN	  seasonaly	  through	  the	  floodplain	  hyporheic	  zone	  proved	  to	  be	  
complicated	  due	  to	  high	  spatial	  and	  temporal	  variability	  in	  hyporheic	  nutrient	  
concentrations.	  This	  high	  variability	  is	  likely	  caused	  by	  seasonaly	  dynamic	  surface	  
and	  subsurface	  nutrient	  inputs	  from	  multiple	  sources	  that	  are	  constantly	  being	  taken	  
up,	  transformed,	  and	  re-­‐mobilized	  as	  they	  move	  down	  fluctuating	  flow	  paths.	  Another	  
unexpected	  chalenge	  came	  from	  the	  discovery	  of	  a	  mobile	  layer	  of	  sediment	  found	  
between	  1-­‐2	  m	  below	  the	  surface.	  The	  degree	  to	  which	  fine	  sediment	  moves	  through	  
the	  hyporheic	  zone	  and	  the	  potential	  role	  this	  plays	  in	  nutrient	  spiraling	  between	  the	  
stream	  and	  riparian	  zone	  has	  previously	  not	  been	  reported	  on	  for	  either	  gravel	  or	  
sand	  bed	  hyporheic	  zones.	  Both	  Rex	  and	  Petticrew	  (2010)	  and	  Albers	  and	  Petticrew	  
(2013)	  reported	  that	  fine	  sediment	  was	  a	  vector	  for	  the	  transport	  of	  MDN	  into	  gravel	  
bed	  interstitial	  zones.	  Previous	  research	  has	  also	  shown	  that	  P	  has	  a	  high	  afinity	  for	  
clays	  and	  silts	  (Records	  et	  al.	  2016).	  In	  the	  Horsefly	  River	  floodplain	  hyporheic	  zone	  
TN	  and	  TP	  concentrations	  were	  significantly	  correlated	  with	  the	  volume	  of	  sediment	  
moving	  through	  the	  piezometers.	  Further	  research	  on	  the	  movement	  of	  fine	  




subsurface	  sediment	  could	  increase	  our	  ability	  to	  predict	  whether	  the	  hyporheic	  zone	  
is	  a	  sink	  or	  source	  of	  MDN	  and	  other	  nutrients,	  and	  the	  length	  of	  time	  nutrients	  are	  
stored	  before	  they	  are	  released	  back	  into	  the	  stream.	  
Although	  this	  thesis	  treated	  the	  results	  from	  chapter	  2	  and	  3	  separate	  the	  floodplain	  
was	  located	  between	  the	  three	  upstream	  and	  three	  downstream	  re-­‐suspension	  sites.	  
A	  deeper	  investigation	  of	  the	  role	  the	  floodplain	  played	  in	  the	  significant	  spatial	  
diference	  between	  the	  sediment	  isotopic	  signatures	  found	  at	  the	  upstream	  and	  
downstream	  sites	  could	  be	  valuable	  to	  furthering	  the	  understanding	  of	  potential	  MDN	  
cycling	  pathways	  in	  the	  river.	  	  
4.2 Management	  implications	  
For	  decades	  fisheries	  managers	  have	  been	  fertilizing	  streams	  with	  hatchery	  raised	  
carcasses	  and	  artificial	  nutrients	  as	  a	  restoration	  tool	  in	  streams	  with	  declining	  
populations	  of	  Pacific	  salmon	  (Gresh	  et	  al.	  2000;	  Compton	  et	  al.	  2006).	  The	  
assumption	  driving	  these	  nutrient	  additions	  was	  that	  MDN	  increased	  both	  primary	  
productivity	  and	  the	  survival	  of	  juvenile	  salmonids	  rearing	  in	  freshwater	  streams	  and	  
lakes.	  The	  realization	  that	  the	  impact	  live	  salmon	  have	  on	  the	  physical	  and	  biological	  
benthic	  community	  structure	  may	  be	  equaly	  important	  as	  the	  release	  of	  	  
MDN	  from	  decaying	  carcasses	  has	  lead	  managers	  and	  researchers	  to	  question	  the	  
validity	  of	  expensive	  fertilization	  projects.	  In	  a	  review	  of	  nutrient	  additions	  for	  
salmon	  restoration,	  Colins	  et	  al.	  (2015)	  emphasized	  the	  need	  to:	  1)	  distinguish	  
between	  management	  strategies	  based	  on	  tested	  versus	  non-­‐tested	  assumptions,	  and	  
2)	  further	  our	  understanding	  of	  the	  relative	  importance	  of	  both	  terrestrial	  and	  
marine-­‐derived	  nutrients	  to	  the	  functioning	  of	  salmon-­‐bearing	  streams.	  The	  removal	  




of	  carcasses	  by	  terrestrial	  mammals	  from	  streams	  and	  riparian	  subsurface	  flow	  are	  
important	  pathways	  for	  long-­‐term	  storage	  of	  MDN	  in	  riparian	  vegetation	  and	  soil	  
(Naiman	  et	  al.	  2002),	  whereas	  in-­‐stream	  retention	  is	  vulnerable	  to	  a	  hydrological	  
environment	  that	  is	  becoming	  less	  predictable	  in	  a	  changing	  climate.	  The	  results	  from	  
this	  thesis	  confirmed	  that	  MDN	  retained	  in	  the	  streambed	  is	  influenced	  by	  discharge	  
and	  the	  density	  of	  live	  spawners,	  that	  MDN	  is	  just	  one	  of	  many	  nutrient	  sources	  
contributing	  to	  freshwater	  systems,	  and	  that	  cycling	  of	  MDN	  in	  the	  floodplain	  riparian	  












Albers,	  S.	  J.	  and	  Petticrew,	  E.	  L.	  2012.	  Ecosystem	  response	  to	  a	  salmon	  disturbance	  
regime:	  Implications	  for	  downstream	  nutrient	  fluxes	  in	  aquatic	  systems.	  
Limnology	  and	  Oceanography,	  57(1):	  113-­‐123.	  
Albers,	  S.	  J.	  and	  Petticrew,	  E.	  L.	  2013.	  Biogeomorphic	  impacts	  of	  migration	  and	  
disturbance:	  Implications	  of	  salmon	  spawning	  and	  decay.	  Geomorphology,	  
202:	  43-­‐50.	  
Alan,	  J.D.	  and	  Castilo,	  M.M.	  2007.	  Stream	  Ecology:	  Structure	  and	  Function	  of	  Running	  
Waters.	  2nd	  edition.	  Chapman	  and	  Hal,	  New	  York,	  N.Y	  
	  
APHA.	  1995.	  Standard	  Methods	  for	  the	  Examination	  of	  Water	  and	  Wastewater,	  18th	  
edition.	  American	  Public	  Health	  Association.	  	  
Arkinstal,	  D.J.	  2005.	  The	  influence	  of	  dissolved	  organic	  carbon	  on	  aggregation	  and	  
aggregate	  characteristics	  [MSc	  thesis].	  [Prince	  George	  (BC)]:	  University	  of	  
Northern	  British	  Columbia.	  
 
Arntzen,	  E.V.,	  Geist,	  D.R.	  and	  Dresel,	  P.E.	  2006.	  Efects	  of	  fluctuating	  river	  flow	  on	  
groundwater/surface	  water	  mixing	  in	  the	  hyporheic	  zone	  of	  a	  regulated,	  
large	  cobble	  bed	  river.	  River	  Research	  and	  Applications,	  22(8):	  937-­‐946.	  
	  
Battin,	  T.J.	  2000.	  Hydrodynamics	  is	  a	  major	  determinant	  of	  streambed	  biofilm	  
activity:	  from	  the	  sediment	  to	  the	  reach	  scale.	  Limnology	  and	  Oceanography,	  
45(6):	  1308-­‐1319.	  
 
Bernard-­‐Jannin,	  L.,	  Sun,	  X.,	  Teissier,	  S.,	  Sauvage,	  S.	  and	  Sánchez-­‐Pérez,	  J.M.	  2017.	  
Spatio	  temporal	  analysis	  of	  factors	  controling	  nitrate	  dynamics	  and	  potential	  
denitrification	  hot	  spots	  and	  hot	  moments	  in	  groundwater	  of	  an	  aluvial	  
floodplain.	  Ecological	  Engineering,	  103:	  372-­‐384.	  
	  
Bilby	  R.E.,	  Fransen,	  B.R.	  and	  Bisson	  P.A.	  1996.	  Incorporation	  of	  nitrogen	  and	  carbon	  
from	  spawning	  coho	  salmon	  into	  the	  trophic	  system	  of	  smal	  streams:	  
evidence	  from	  stable	  isotopes.	  Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  
Science,	  53:	  164-­‐173.	  	  
Bivand	  R.S.,	  Pebesma,	  E.	  and	  Gomez-­‐Rubio,	  V.	  2013.	  Applied	  Spatial	  Data	  Analysis	  
with	  R,	  Second	  Edition.	  Springer,	  New	  York.	  
Boano,	  F.,	  Camporeale,	  C.,	  Reveli,	  R.	  and	  Ridolfi,	  L.	  2006.	  Sinuosity-­‐driven	  hyporheic	  






Boecklen,	  W.J.,	  Yarnes,	  C.T.,	  Cook,	  B.A.	  and	  James,	  A.C.	  2011.	  On	  the	  use	  of	  stable	  
isotopes	  in	  trophic	  ecology.	  Annual	  Review	  of	  Ecology,	  Evolution,	  and	  
Systematics,	  42:	  411-­‐440.	  
	  
Boulton,	  A.	  J.,	  Findlay,	  S.,	  Marmonier,	  P.,	  Stanley,	  E.	  H.	  and	  Valett,	  H.	  M.	  1998.	  The	  
functional	  significance	  of	  the	  hyporheic	  zone	  in	  streams	  and	  rivers.	  Annual	  
Review	  of	  Ecology	  and	  Systematics,	  29:	  59-­‐81.	  
Bouwer,	  H.	  1989.	  The	  Bouwer	  and	  Rice	  slug	  test	  –	  an	  update.	  Ground	  Water,	  27:	  304-­‐
309.	  
Briggs,	  M.A.,	  Lautz,	  L.K.	  and	  Hare,	  D.K.	  2014.	  Residence	  time	  control	  on	  hot	  moments	  
of	  net	  nitrate	  production	  and	  uptake	  in	  the	  hyporheic	  zone.	  Hydrological	  
Processes,	  28(11):	  3741-­‐3751.	  
	  
British	  Columbia	  Watershed	  Altas.	  2011.	  
http://www.env.gov.bc.ca/fish/watershed_atlas_maps/index.html	  
Brunke,	  M.	  and	  Gonser	  T.	  O.	  M.	  1997.	  The	  ecological	  significance	  of	  exchange	  
processes	  between	  rivers	  and	  groundwater.	  Freshwater	  Biology,	  37(1):	  1-­‐33.	  
	  
Buxton,	  T.H.,	  Bufington,	  J.M.,	  Tonina,	  D.,	  Fremier,	  A.K.	  and	  Yager,	  E.M.	  2015.	  Modeling	  
the	  influence	  of	  salmon	  spawning	  on	  hyporheic	  exchange	  of	  marine-­‐derived	  
nutrients	  in	  gravel	  stream	  beds.	  Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  
Sciences,	  72(8):	  1146-­‐1158.	  
	  
Cak,	  A.D.,	  Chaloner,	  D.T.	  and	  Lamberti,	  G.A.	  2008.	  Efects	  of	  spawning	  salmon	  on	  
dissolved	  nutrients	  and	  epilithon	  in	  coupled	  stream-­‐estuary	  systems	  of	  
southeastern	  Alaska.	  Aquatic	  Sciences,	  70(2):	  169-­‐178.	  
	  
Cardenas,	  M.	  B.	  2009a.	  Stream-­‐aquifer	  interactions	  and	  hyporheic	  exchange	  in	  
gaining	  and	  losing	  sinuous	  streams.	  Water	  Resources	  Research,	  45(6):	  
W06429.	  
	  
Cardenas,	  M.	  B.	  2009b.	  A	  model	  for	  lateral	  hyporheic	  flow	  based	  on	  valey	  slope	  and	  
channel	  sinuosity."	  Water	  Resources	  Research,	  45(1):	  W01501.	  
 
Cardenas,	  M.B.,	  Wilson,	  J.L.	  and	  Zlotnik,	  V.A.	  2004.	  Impact	  of	  heterogeneity,	  bed	  forms,	  
and	  stream	  curvature	  on	  subchannel	  hyporheic	  exchange.	  Water	  Resources	  
Research,	  40(8):	  Wo8307.	  
	  
Chaloner,	  D.T.,	  Martin,	  K.M.,	  Wipfli,	  M.S.,	  Ostrom,	  P.S.	  and	  Lamberti,	  G.A.	  2002.	  Marine	  
carbon	  and	  nitrogen	  in	  southeastern	  Alaska	  stream	  food	  webs:	  evidence	  from	  
artificial	  and	  natural	  streams.	  Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  






Chaloner,	  D.	  T.,	  Lamberti,	  G.A.,	  Cak,	  A.D.,	  Blair,	  N.L.	  and	  Edwards,	  R.T.	  2007.	  Inter-­‐
annual	  variation	  in	  responses	  of	  water	  chemistry	  and	  epilithon	  to	  Pacific	  
salmon	  spawners	  in	  an	  Alaskan	  stream.	  Freshwater	  Biology,	  52(3):	  478-­‐490.	  
	  
Claeson,	  S.	  M.,	  Li,	  J.	  L.,	  Compton,	  J.	  E.	  and	  Bisson,	  P.	  A.	  2006.	  Response	  of	  nutrients,	  
biofilm,	  and	  benthic	  insects	  to	  salmon	  carcass	  addition.	  Canadian	  Journal	  of	  
Fisheries	  and	  Aquatic	  Sciences,	  63(6):	  1230-­‐1241.	  
Colins,	  S.F.,	  Marcareli,	  A.M.,	  Baxter,	  C.V.	  and	  Wipfli,	  M.S.	  2015.	  A	  critical	  assessment	  
of	  the	  ecological	  assumptions	  underpinning	  compensatory	  mitigation	  of	  
salmon-­‐derived	  nutrients.	  Environmental	  Management,	  56(3):	  571-­‐586.	  
	  
Compton,	  J.E.,	  Andersen,	  C.P.,	  Philips,	  D.L.,	  Brooks,	  J.R.,	  Johnson,	  M.G.,	  Church,	  M.R.,	  
Hogsett,	  W.E.,	  Cairns,	  M.A.,	  Rygiewicz,	  P.T.,	  McComb,	  B.C.	  and	  Shaf,	  C.D.	  2006.	  
Ecological	  and	  water	  quality	  consequences	  of	  nutrient	  addition	  for	  salmon	  
restoration	  in	  the	  Pacific	  Northwest.	  Frontiers	  in	  Ecology	  and	  the	  
Environment,	  4(1):	  18-­‐26.	  
	  
Craft,	  J.A.,	  Standford,	  J.A.	  and	  Pusch,	  M.	  2002.	  Microbial	  respiration	  within	  a	  floodplain	  
aquifer	  of	  a	  large	  gravel-­‐bed	  river.	  Freshwater	  Biology,	  47:	  251-­‐261.	  
Dahm,	  C.N.,	  Grimm,	  N.B.,	  Marmonier,	  P.,	  Valett,	  H.M.	  and	  Vervier,	  P.	  1998.	  Nutrient	  
dynamics	  at	  the	  interface	  between	  surface	  waters	  and	  groundwaters.	  
Freshwater	  Biology,	  40(3):	  427-­‐451.	  
	  
DeNiro,	  M.	  and	  Epstein,	  S.	  1976.	  You	  are	  what	  you	  eat	  (plus	  a	  few	  per	  mil):	  The	  carbon	  
isotope	  cycle	  in	  food	  chains.	  Geological	  Society	  of	  America,	  8:	  834-­‐835.	  
	  
Doucett,	  R.R.,	  Power,	  G.,	  Barton,	  D.R.,	  Drimmie,	  R.J.	  and	  Cunjak,	  R.A.	  1996.	  Stable	  
isotope	  analysis	  of	  nutrient	  pathways	  leading	  to	  Atlantic	  salmon.	  Canadian	  
Journal	  of	  Aquatic	  Sciences,	  53:	  2058-­‐2066.	  
	  
Droppo,	  I.G.	  2001.	  Rethinking	  what	  constitutes	  suspended	  sediment.	  Hydrological	  
Processes,	  15:1551–1564.	  	  
	  
Droppo,	  I.G.,	  Leppard,	  G.G.,	  Flannigan,	  D.T.	  and	  Liss	  S.N.	  1997.	  The	  freshwater	  floc:	  A	  
functional	  relationship	  of	  water	  and	  organic	  and	  inorganic	  floc	  constituents	  
afecting	  suspended	  sediment	  properties.	  Water,	  Air,	  and	  Soil	  Polution,	  99:	  
43-­‐53.	  	  
Ensign,	  S.	  H.	  and	  Doyle,	  M.	  W.	  2006.	  Nutrient	  spiraling	  in	  streams	  and	  river	  networks.	  
Journal	  of	  Geophysical	  Research,	  111(G4):	  G04009.	  
	  
ESRI.	  2013.	  ArcGIS	  Desktop:	  Release	  10.1.	  Redlands,	  California:	  Environmental	  






Febria,	  C.	  M.,	  Fulthrope,	  R.R.	  and	  Wiliams,	  D.D.	  2010.	  Characterizing	  seasonal	  changes	  
in	  physicochemistry	  and	  bacterial	  community	  composition	  in	  hyporheic	  
sediments.	  Hydrobiologia,	  647(1):	  113-­‐126.	  
	  
Felman,	  J.	  B.,	  Hood,	  E.,	  Edwards,	  R.	  T.	  and	  D’Amore,	  D.	  V.	  2008.	  Return	  of	  salmon	  
derived	  nutrients	  from	  the	  riparian	  zone	  to	  the	  stream	  during	  a	  storm	  in	  
southeastern	  Alaska.	  Ecosystems,	  11(4):	  537-­‐544.	  
	  
Findlay,	  S.	  1995.	  Importance	  of	  surface-­‐subsurface	  exchange	  in	  stream	  ecosystems:	  
The	  hyporheic	  zone.	  Limnology	  and	  Oceanography,	  40(1):	  159-­‐164.	  
	  
France,	  R.	  1995.	  Critical	  examination	  of	  stable	  isotope	  analysis	  as	  a	  means	  for	  tracing	  
carbon	  pathways	  in	  stream	  ecosystems.	  Canadian	  Journal	  of	  Fisheries	  and	  
Aquatic	  Sciences,	  52(3):	  651-­‐656.	  
	  
Freeze,	  R.A.	  and	  Cherry,	  J.A.	  1979.	  Groundwater.	  Prentice-­‐Hal,	  Englewood	  Clifs,	  New	  
Jersey.	  	  
Fry,	  B.	  2006.	  Stable	  Isotope	  Ecology.	  Springer,	  New	  York.	  
Gende,	  S.	  M.,	  Edwards,	  R.	  T.,	  Wilson,	  M.	  F.,	  and	  Wipfli,	  M.	  S.	  2002.	  Pacific	  salmon	  in	  
aquatic	  and	  terrestrial	  ecosystems.	  BioScience,	  52(10):	  917-­‐928.	  
 
Goosef,	  M.N.,	  Anderson,	  J.K.,	  Wondzel,	  S.M.,	  LaNier,	  J.	  and	  Haggerty,	  R.	  2006.	  A	  
modeling	  study	  of	  hyporheic	  exchange	  pattern	  and	  the	  sequence,	  size,	  and	  
spacing	  of	  stream	  bedforms	  in	  mountain	  stream	  networks,	  Oregon,	  USA.	  
Hydrological	  Processes,	  20(11):	  2443-­‐2457.	  
	  
Gottesfeld,	  A.S.,	  Hassan,	  M.A.,	  Tunniclife,	  J.F.	  and	  Poirier,	  R.W.	  2004.	  Sediment	  
dispersion	  in	  salmon	  spawning	  streams:	  the	  influence	  of	  floods	  and	  salmon	  
redd	  construction.	  Journal	  of	  the	  American	  Water	  Resources	  Association,	  
40(4):	  1071-­‐1086.	  
 
Gresh,	  T.,	  Lichatowich,	  J.	  and	  Schoonmaker,	  P.	  2000.	  An	  estimation	  of	  historic	  and	  
current	  levels	  of	  salmon	  production	  in	  the	  Northeast	  Pacific	  ecosystem:	  
evidence	  of	  a	  nutrient	  deficit	  in	  the	  freshwater	  systems	  of	  the	  Pacific	  
Northwest.	  Fisheries,	  25(1):	  15-­‐21.	  
	  
Groot	  C.	  and	  Margolis,	  L.	  1991.	  Pacific	  Salmon	  Life	  Histories.	  University	  of	  British	  
Columbia	  Press.	  Vancouver,	  BC.	  
	  
Haddadchi,	  A.,	  Ryder,	  D.S.,	  Evrard,	  O.	  and	  Oley,	  J.	  2013.	  Sediment	  fingerprinting	  in	  
fluvial	  systems:	  review	  of	  tracers,	  sediment	  sources	  and	  mixing	  models.	  






Hancock,	  P.	  J.,	  Boulton	  A.J.	  and	  Humphreys,	  W.F.	  2005.	  Aquifers	  and	  hyporheic	  zones:	  
towards	  an	  ecological	  understanding	  of	  groundwater.	  Hydrogeology	  Journal,	  
13(1):	  98-­‐111.	  
	  
Hassan,	  M.A.,	  Gottesfeld	  A.S.,	  Montgomery,	  D.R.,	  Tunnicliffe,	  J.F.,	  Clarke,	  G.C.,	  Wynn,	  G.,	  
Jones-­‐Cox,	  H.,	  Poirier,	  R.,	  MacIsaac,	  E.,	  Herunter,	  H.	  and	  Macdonald	  S.J.	  2008.	  
Salmon-­‐driven	  bed	  load	  transport	  and	  bed	  morphology	  in	  mountain	  streams.	  
Geophysical	  Research	  Letters,	  35:	  L04405.	  	  
Hauer,	  F.	  R.	  and	  Lamberti,	  G.	  A.	  (Eds.).	  2011.	  Methods	  in	  Stream	  Ecology.	  Academic	  
Press.	  
Hendricks,	  S.P.	  and	  White	  D.S.	  1999.	  Stream	  and	  groundwater	  influences	  on	  
phosphorus	  biogeochemistry.	  In:	  Mulholand,	  P.J.	  and	  Jones,	  J.B.	  editors.	  
Streams	  and	  Ground	  Waters.	  Academic	  Press.	  p.	  221-­‐233.	  
	  
Helfield,	  J.	  M.	  and	  Naiman,	  R.	  J.	  2001.	  Efects	  of	  salmon-­‐derived	  nitrogen	  on	  riparian	  
forest	  growth	  and	  implications	  for	  stream	  productivity.	  Ecology,	  82(9):	  2403-­‐
2409.	  
	  
Helfield,	  J.	  M.,	  and	  Naiman,	  R.	  J.	  2002.	  Salmon	  and	  alder	  as	  nitrogen	  sources	  to	  
riparian	  forests	  in	  a	  boreal	  Alaskan	  watershed.	  Oecologia,	  133(4):	  573-­‐582.	  
	  
Hicks,	  B.	  J.,	  Wipfli,	  M.	  S.,	  Lang,	  D.	  W.	  and	  Lang,	  M.	  E.	  2005.	  Marine-­‐derived	  nitrogen	  
and	  carbon	  in	  freshwater-­‐riparian	  food	  webs	  of	  the	  Copper	  River	  Delta,	  south	  
central	  Alaska.	  Oecologia,	  144(4):	  558-­‐569.	  
	  
Holtgrieve,	  G.W.,	  Schindler,	  D.E.,	  Gowel,	  C.P.,	  Ruf,	  C.P.	  and	  Lisi,	  P.J.	  2010.	  Stream	  
geomorphology	  regulates	  the	  efects	  on	  periphyton	  of	  ecosystem	  engineering
	   and	  nutrient	  enrichment	  by	  Pacific	  salmon.	  Freshwater	  Biology,	  55(12):	  
2598-­‐2611.	  
	  
Huggenberger,	  P.,	  Hoehn,	  E.,	  Beschta,	  R.	  and	  Woessner,	  W.	  1998.	  Abiotic	  aspects	  of	  
channels	  and	  floodplains	  in	  riparian	  ecology.	  Freshwater	  Biology,	  40(3):	  407-­‐
425.	  
	  
Hvorslev,	  M.J.	  1951.	  Time	  Lag	  and	  Soil	  Permeability	  in	  Groundwater	  Observations.	  
Waterways	  Experimental	  Station	  Buletin	  36.	  US	  Army	  Corps	  of	  Engineers,	  
Vicksburg,	  Mississippi.	  
	  
Janetski,	  D.J.,	  Chaloner	  D.T.,	  Tiegs,	  S.D.	  and	  Lamberti,	  G.A.	  2009.	  Pacific	  salmon	  efects	  
on	  stream	  ecosystems:	  A	  quantitative	  synthesis.	  Oecologia,	  159:	  583–595.	  	  
Jarvie,	  H.P.,	  Neal,	  C.,	  Wiliams,	  R.J.,	  Neal,	  M.,	  Wickham,	  H.D.,	  Hil,	  L.K.,	  Wade,	  A.J.,	  





in	  the	  lowland	  eutrophic	  River	  Kennet,	  UK.	  Science	  of	  the	  Total	  Environment,	  
282:	  175-­‐203.	  
 
Johnson,	  S.	  P.	  and	  Schindler,	  D.	  E.	  2009.	  Trophic	  ecology	  of	  Pacific	  salmon	  
(Oncorhynchus	  spp.)	  in	  the	  ocean:	  A	  synthesis	  of	  stable	  isotope	  research.	  
Ecological	  Research,	  24(4):	  855-­‐863.	  
	  
Johnston,	  N.	  T.,	  Macisaac,	  E.	  A.,	  Tschaplinski,	  P.	  J.	  and	  Hal,	  K.	  J.	  2004.	  Efects	  of	  the	  
abundance	  of	  spawning	  sockeye	  salmon	  (Oncorhynchus	  nerka)	  on	  nutrients	  
and	  algal	  biomass	  in	  forested	  streams.	  Canadian	  Journal	  of	  Fisheries	  and	  
Aquatic	  Sciences,	  61:	  384–403.	  	  
Junk,	  W.J.,	  Bayley,	  P.B.	  and	  Sparks,	  R.E.	  1989.	  The	  flood	  pulse	  concept	  in	  river-­‐
floodplain	  systems.	  In:	  Dodge	  D.P.,	  editor.	  Proceedings	  of	  the	  International	  
Large	  River	  Symposium.	  Canadian	  Special	  Publication,	  Fisheries	  and	  Aquatic	  
Science	  106:	  110–127.	  	  
Levi,	  P.S.,	  Tank,	  J.L.,	  Tiegs,	  S.D.,	  Rüegg,	  J.,	  Chaloner,	  D.T.	  and	  Lamberti,	  G.A.	  2011.	  Does	  
timber	  harvest	  influence	  the	  dynamics	  of	  marine-­‐derived	  nutrients	  in	  
Southeast	  Alaska	  streams?	  Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  Sciences,	  
68(8):	  1316-­‐1329.	  
	  
Lowel,	  J.L.,	  Gordon,	  N.,	  Engstrom,	  D.,	  Stanford,	  J.A.,	  Holben,	  W.E.	  and	  Gannon,	  J.E.	  
2009.	  Habitat	  heterogeneity	  and	  associated	  microbial	  community	  structure	  
in	  a	  smal-­‐scale	  floodplain	  hyporheic	  flow	  path.	  Microbial	  Ecology,	  58(3):	  
611-­‐620.	  
	  
Kasahara,	  T.	  and	  Wondzel,	  S.M.	  2003.	  Geomorphic	  controls	  on	  hyporheic	  exchange	  
flow	  in	  mountain	  streams.	  Water	  Resources	  Research,	  39(1):	  SBH	  3-­‐1–SBH	  3-­‐
14.	  
	  
King,	  K.W.,	  Wiliams,	  M.R.,	  Macrae,	  M.L.,	  Fausey,	  N.R.,	  Frankenberger,	  J.,	  Smith,	  D.R.,	  
Kleinman,	  P.J.A.	  and	  Brown,	  L.C.	  2015.	  Phosphorus	  transport	  in	  agricultural	  
subsurface	  drainage:	  A	  review.	  Journal	  of	  Environmental	  Quality,	  44:	  467-­‐485.	  
	  
Kirchman,	  D.L.	  2012.	  Processes	  in	  Microbial	  Ecology.	  Prentice-­‐Hal,	  Englewood	  Clifs,	  
New	  Jersey.	  	  
Kline	  Jr,	  T.C.,	  Goering,	  J.J.,	  Mathisen,	  O.A.,	  Poe,	  P.H.,	  Parker,	  P.L.	  and	  Scalan,	  R.S.	  1993.	  
Recycling	  of	  elements	  transported	  upstream	  by	  runs	  of	  Pacific	  salmon:	  I.	  
δ15N	  and	  δ13C	  evidence	  in	  the	  Kvichak	  River	  watershed,	  Bristol	  Bay,	  
southwestern	  Alaska.	  Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  Sciences,	  
50(11):	  2350-­‐2365.	  
	  
Koiter,	  A.J.,	  Owens,	  P.N.,	  Petticrew,	  E.L.	  and	  Lobb,	  D.A.	  2013.	  The	  behavioural	  





fingerprinting	  as	  an	  approach	  for	  identifying	  sediment	  sources	  in	  river	  
basins.	  Earth-­‐Science	  Reviews,	  125:	  24-­‐42.	  
	  
Kondolf,	  G.M.	  and	  Wolman,	  M.G.	  1993.	  The	  sizes	  of	  salmonid	  spawning	  gravels.	  Water	  
Resources	  Research,	  29(7):	  2275-­‐2285.	  
	  
Malcolm,	  I.A.,	  Soulsby,	  C.,	  Youngson,	  A.F.,	  Hannah,	  D.M.,	  McLaren,	  I.S.	  and	  Thorne,	  A.	  
2004.	  Hydrological	  influences	  on	  hyporheic	  water	  quality:	  implications	  for	  
salmon	  egg	  survival.	  Hydrological	  Processes,	  18(9):	  1543-­‐1560.	  
	  
Mathisen,	  O.A.,	  Parker,	  P.L.,	  Goering,	  J.J.,	  Kline,	  T.C.,	  Poe,	  P.H.	  and	  Scalan,	  R.S.	  1988.	  
Recycling	  of	  marine	  elements	  transported	  into	  freshwater	  systems	  by	  
anadromous	  salmon.	  Verhand	  Int	  Verein	  Theor	  Angew	  Limnol,	  23:	  2249-­‐2258.	  
McClain,	  M.E.,	  Boyer,	  E.W.,	  Dent,	  C.L.,	  Gergel,	  S.E.,	  Grimm,	  N.B.,	  Grofman,	  P.M.,	  Hart,	  
S.C.,	  Harvey,	  J.W.,	  Johnston,	  C.A.,	  Mayorga,	  E.	  and	  McDowel,	  W.H.	  2003.	  
Biogeochemical	  hot	  spots	  and	  hot	  moments	  at	  the	  interface	  of	  terrestrial	  and	  
aquatic	  ecosystems.	  Ecosystems,	  6(4):	  301-­‐312.	  
	  
McConnachie,	  J.	  and	  Petticrew	  E.L.	  2006.	  Tracing	  organic	  matter	  sources	  in	  riverine	  
suspended	  sediment:	  Implications	  for	  fine	  sediment	  transfers.	  
Geomorphology,	  79:13–26.	  	  
Minakawa,	  N.	  and	  Gara,	  R.I.	  1999.	  Ecological	  efects	  of	  a	  chum	  salmon	  (Oncorhynchus	  
keta)	  spawning	  run	  in	  a	  smal	  stream	  of	  the	  Pacific	  Northwest.	  Journal	  of	  
Freshwater	  Ecology,	  14:	  327–335.	  	  
Minshal,	  G.W.,	  Thomas,	  S.A.,	  Newbold,	  J.D.,	  Monaghan,	  M.T.	  and	  Cushing,	  C.E.	  2000.	  
Physical	  factors	  influencing	  fine	  organic	  particle	  transport	  and	  deposition	  in	  
streams.	  Journal	  of	  the	  North	  American	  Benthological	  Society,	  19(1):	  1-­‐16.	  
	  
Mitchel,	  N.L.	  and	  Lamberti,	  G.A.	  2005.	  Responses	  in	  dissolved	  nutrients	  and	  epilithon	  
abundance	  to	  spawning	  salmon	  in	  southeast	  Alaska	  streams.	  Limnology	  and	  
Oceanography,	  50(1):	  217-­‐227.	  
Montgomery,	  D.R.,	  Bufington,	  J.M.,	  Peterson,	  N.P.,	  Schueet-­‐Hames,	  D.	  and	  Quinn,	  T.P.	  
1996.	  Stream-­‐bed	  scour,	  egg	  burial	  depths,	  and	  the	  influence	  of	  salmonid	  
spawning	  on	  bed	  surface	  mobility	  and	  embryo	  survival.	  Canadian	  Journal	  of	  
Fisheries	  and	  Aquatic	  Sciences,	  53:	  1061–1070.	  	  
Moore,	  J.W.	  2006.	  Animal	  ecosystem	  engineers	  in	  streams.	  BioScience,	  56:	  237–246.	  	  
Moore,	  J.	  and	  Schindler,	  D.E.	  2008.	  Biotic	  disturbance	  and	  benthic	  community	  
dynamics	  in	  salmon-­‐bearing	  streams.	  Journal	  of	  Animal	  Ecology,	  77:	  275–284.	  	  
Moore,	  J.W.,	  Schindler,	  D.E.	  and	  Scheuerel,	  M.D.	  2004.	  Disturbance	  of	  freshwater	  





Moore,	  J.W.,	  Schindler,	  D.E.,	  Carter,	  J.L.,	  Fox,	  J.,	  Grifiths,	  J.	  and	  Holtgrieve,	  G.W.	  2007.	  
Biotic	  control	  of	  stream	  fluxes:	  spawning	  salmon	  drive	  nutrient	  and	  matter	  
export.	  Ecology,	  88(5):	  1278-­‐1291.	  
Moore,	  J.W.	  and	  Semmens,	  B.X.	  2008.	  Incorporating	  uncertainty	  and	  prior	  information	  
into	  stable	  isotope	  mixing	  models.	  Ecology	  Letters,	  11:	  470–480.	  	  
Mulholand,	  P.J.	  and	  DeAngelis,	  D.L.	  1999.	  Surface-­‐subsurface	  exchange	  and	  nutrient	  
spiraling.	  In:	  Mulholand,	  P.J.	  and	  Jones,	  J.B.,	  editors.	  Streams	  and	  Ground	  
Waters.	  Academic	  Press,	  p.149-­‐164.	  
	  
Naiman,	  R.J.,	  Bilby,	  R.E.,	  Schindler	  D.E.	  and	  Helfield,	  J.M.	  2002.	  Pacific	  salmon,	  
nutrients,	  and	  the	  dynamics	  of	  freshwater	  and	  riparian	  ecosystems.	  
Ecosystems,	  5(4):	  399-­‐417.	  
	  
Naiman,	  R.J.,	  Bechtold,	  J.S.,	  Beechie,	  T.J.,	  Latterel,	  J.J.	  and	  Van	  Pelt,	  R.	  2010.	  A	  process	  
based	  view	  of	  floodplain	  forest	  patterns	  in	  coastal	  river	  valeys	  of	  the	  Pacific	  
Northwest.	  Ecosystems,	  13(1):	  1-­‐31.	  
 
Nowinski,	  J.D.,	  Cardenas,	  M.B.	  and	  Lightbody,	  A.F.	  2011.	  Evolution	  of	  hydraulic	  
conductivity	  in	  the	  floodplain	  of	  a	  meandering	  river	  due	  to	  hyporheic	  
transport	  of	  fine	  materials.	  Geophysical	  Research	  Letters,	  38(1):	  L01401.	  
	  
O	  Keefe,	  T.C.	  and	  Edwards	  R.T.	  2003.	  Evidence	  for	  hyporheic	  transfer	  and	  removal	  of	  
marine-­‐derived	  nutrients	  in	  a	  sockeye	  stream	  in	  southwest	  Alaska.	  American	  
Fisheries	  Society	  Symposium,	  33:99-­‐107.	  
	  
Owens,	  N.P.J.	  1987.	  Natural	  variations	  in	  15N	  in	  the	  marine	  environment.	  Advances	  in	  
Marine	  Biology,	  24:	  389-­‐451.	  
	  
Owens,	  P.N.,	  Batala,	  R.J.,	  Colins,	  A.J.,	  Gomez,	  B.,	  Hicks,	  D.M.,	  Horowitz,	  A.J.,	  Kondolf,	  
G.M.,	  Marden,	  M.,	  Page,	  M.J.,	  Peacock,	  D.H.	  and	  Petticrew,	  E.L.	  2005.	  Fine-­‐
grained	  sediment	  in	  river	  systems:	  environmental	  significance	  and	  
management	  issues.	  River	  Research	  and	  Applications,	  21(7):	  693-­‐717.	  
	  
Parnel,	  A.C.,	  Inger,	  R.,	  Bearhop,	  S.	  and	  Jackson,	  A.L.	  2010.	  Source	  partitioning	  using	  
stable	  isotopes:	  coping	  with	  too	  much	  variation.	  PLoS	  ONE,	  5:	  E9672.	  	  
Parnel,	  A.C.,	  Philips,	  D.L.,	  Bearhop,	  S.,	  Semmens,	  B.X.,	  Ward,	  E.J.,	  Moore,	  J.W.,	  Jackson,	  
A.L.,	  Grey,	  J.,	  Kely,	  D.J.	  and	  Inger,	  R.	  2013.	  Bayesian	  stable	  isotope	  mixing	  
models.	  Environmetrics,	  24(6):	  387-­‐399.	  
	  
Pebesma,	  E.	  2012.	  Spacetime:	  Spatio-­‐Temporal	  data	  in	  R.	  	  Journal	  of	  Statistical	  
Software,	  51(7):	  1-­‐30.	  
	  





Ecology	  and	  Systematics,	  18:	  293–320.	  	  
Peterson,	  D.	  and	  Foote,	  C.	  2000.	  Disturbance	  of	  smal-­‐stream	  habitat	  by	  spawning	  
sockeye	  salmon	  in	  Alaska.	  Transactions	  of	  the	  American	  Fisheries	  Society,	  129:	  
924–934.	  	  
Petticrew,	  E.L.,	  Rex,	  J.F.	  and	  Albers,	  S.J.	  2011.	  Bidirectional	  delivery	  of	  organic	  matter	  
between	  freshwater	  and	  marine	  systems:	  the	  role	  of	  flocculation	  in	  Pacific	  
salmon	  streams.	  Journal	  of	  the	  North	  American	  Benthological	  Society,	  30(3):	  
779-­‐786.	  
	  
Petticrew,	  E.	  L.	  and	  Arocena,	  J.	  M.	  2003.	  Organic	  matter	  composition	  of	  gravel-­‐stored	  
sediments	  from	  salmon-­‐bearing	  streams.	  Hydrobiologia,	  494:	  17-­‐24.	  
Petticrew,	  E.L.	  and	  Droppo,	  I.G.	  2000.	  The	  morphology	  and	  settling	  characteristics	  of	  
fine	  grained	  sediment	  from	  a	  selection	  of	  Canadian	  rivers.	  Contributions	  to	  
the	  Hydrological	  Programme-­‐V	  by	  Canadian	  Experts.	  Technical	  Documents	  in	  
Hydrology,	  33:111-­‐126.	  
	  
Pinheiro,	  J.,	  Bates,	  D.,	  DebRoy,	  S.,	  Sarkar,	  D.	  and	  R	  Core	  Team.	  2012.	  nlme:	  Linear	  and	  
Non-­‐linear	  Mixed	  Efects	  Models.	  R	  package	  version	  3.1-­‐103.	  Available	  at:	  
http://cran.r-­‐project.org/web/packages/nlme/nlme.pdf.	  	  
	  
Phillips,	  D.L.,	  2001.	  Mixing	  models	  in	  analyses	  of	  diet	  using	  multiple	  stable	  isotopes:	  A	  
critique.	  Oecologia,	  127:166-­‐170.	  
	  
Philips,	  D.L.,	  2012.	  Converting	  isotope	  values	  to	  diet	  composition:	  the	  use	  of	  mixing	  
models.	  Journal	  of	  Mammalogy,	  93(2):	  342-­‐352.	  
	  
Philips,	  D.L.	  and	  Gregg,	  J.W.	  2001.	  Uncertainty	  in	  source	  partitioning	  using	  stable	  
isotopes.	  Oecologia,	  127:	  171–179.	  	  
Philips,	  D.L.	  and	  Gregg,	  J.W.	  2003.	  Source	  partitioning	  using	  stable	  isotopes:	  coping	  
with	  too	  many	  sources.	  Oecologia,	  136:	  261–269.	  
Philips,	  D.L.	  and	  Koch,	  P.L.	  2002.	  Incorporating	  concentration	  dependence	  in	  stable	  
isotope	  mixing	  models.	  Oecologia,	  130:	  114–125.	  
Philips,	  D.L.,	  Newsome,	  S.D.	  and	  Gregg,	  J.W.	  2005.	  Combining	  sources	  in	  stable	  
isotope	  mixing	  models:	  alternative	  methods.	  Oecologia,	  144:	  520–527.	  
Pinay,	  G.,	  O’Keefe,	  T.,	  Edwards,	  R.	  and	  Naiman,	  R.J.	  2003.	  Potential	  denitrification	  
activity	  in	  the	  landscape	  of	  a	  western	  Alaska	  drainage	  basin.	  Ecosystems,	  6(4):	  
336-­‐343.	  
	  
Pinay,	  G.,	  O’Keefe	  T.C.,	  Edwards,	  R.T.	  and	  Naimain	  R.J.	  2009.	  Nitrate	  removal	  in	  the	  





25:	  367-­‐375.	  	  
Poole,	  G.C.,	  Stanford,	  J.A.,	  Running,	  S.W.	  and	  Frissel,	  C.A.	  2006.	  Multiscale	  geomorphic	  
drivers	  of	  groundwater	  flow	  paths:	  subsurface	  hydrologic	  dynamics	  and	  
hyporheic	  habitat	  diversity.	  Journal	  of	  the	  North	  American	  Benthological	  
Society,	  25(2):	  288-­‐303.	  
Quinn,	  T.	  2005.	  The	  Behavior	  and	  Ecology	  of	  Pacific	  salmon	  and	  Trout.	  American	  
Fisheries	  Society.	  	  
R	  Core	  Team.	  2016.	  R:	  A	  language	  and	  environment	  for	  statistical	  computing.	  R	  
Foundation	  for	  Statistical	  Computing,	  Vienna,	  Austria.	  URL	  https://www.R-­‐
project.org/.	  
Records,	  R.M.,	  Wohl,	  E.	  and	  Arabi,	  M.	  2016.	  Phosphorus	  in	  the	  river	  corridor.	  Earth	  
Science	  Reviews,	  158:	  65-­‐88.	  
	  
Reichert,	  W.L.,	  Greene	  C.M.	  and	  Bilby,	  R.E.	  2008.	  Seasonal	  variations	  in	  stable	  isotope	  
ratios	  of	  juvenile	  coho	  salmon	  (Oncorhynchus	  kisutch)	  from	  western	  
Washington	  rivers.	  Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  Sciences,	  65(4):	  
681-­‐690.	  
	  
Reisinger,	  A.J.,	  Chaloner,	  D.T.,	  Ruegg,	  J.,	  Tiegs,	  S.D.	  and	  Lamberti,	  G.A.	  2013.	  Efects	  of	  
spawning	  Pacific	  salmon	  on	  the	  isotopic	  composition	  of	  biota	  difer	  among	  
southeast	  Alaska	  streams.	  Freshwater	  Biology,	  58(5):	  938-­‐950.	  
	  
Rex,	  J.F.	  and	  Petticrew,	  E.L.	  2006.	  Pacific	  salmon	  and	  sediment	  flocculation:	  Nutrient	  
cycling	  and	  intergravel	  habitat	  quality.	  International	  Association	  of	  
Hydrological	  Sciences	  Publication,	  306:	  1–8.	  
Rex,	  J.F.	  and	  Petticrew,	  E.L.	  2008.	  Delivery	  of	  marine-­‐derived	  nutrients	  to	  streambeds	  
by	  Pacific	  salmon.	  Nature	  Geoscience,	  1(12):	  840-­‐843.	  
	  
Rex,	  J.F.	  and	  Petticrew,	  E.L.	  2010.	  Salmon-­‐derived	  nitrogen	  delivery	  and	  storage	  
within	  a	  gravel	  bed:	  sediment	  and	  water	  interactions.	  Ecological	  Engineering,
	   36(9):	  1167-­‐1173.	  
	  
Rinela,	  D.J.,	  Wipfli,	  M.S.,	  Walker,	  C.M.,	  Stricker,	  C.A.	  and	  Heintz,	  R.A.	  2013.	  Seasonal	  
persistence	  of	  marine-­‐derived	  nutrients	  in	  south-­‐central	  Alaskan	  salmon	  
streams.	  Ecosphere,	  4(10):	  1-­‐18.	  
	  
Semmens,	  B.X.,	  Ward,	  E.J.,	  Moore,	  J.W.	  and	  Darimont,	  C.T.	  2009.	  Quantifying	  inter-­‐	  and	  
intra-­‐population	  niche	  variability	  using	  hierarchical	  Bayesian	  stable	  isotope	  





Schade,	  J.,	  Fisher,	  S.G.,	  Grimm,	  N.B.	  and	  Seddon,	  J.A.	  2001.	  The	  influence	  of	  a	  riparian	  
shrub	  on	  nitrogen	  cycling	  in	  a	  Sonoran	  Desert	  stream.	  Ecology,	  82(12):	  3363-­‐
3376.	  
	  
Soulsby,	  C.,	  Malcolm,	  I.A.,	  Tetzlaf,	  D.	  and	  Youngson,	  A.F.	  2009.	  Seasonal	  and	  inter-­‐
annual	  variability	  in	  hyporheic	  water	  quality	  revealed	  by	  continuous	  
monitoring	  in	  a	  salmon	  spawning	  stream.	  River	  Research	  and	  Applications,	  
25(10):	  1304-­‐1319.	  
	  
Stanford,	  J.A.	  and	  Ward,	  J.V.	  1993.	  An	  ecosystem	  perspective	  of	  aluvial	  rivers:	  
connectivity	  and	  the	  hyporheic	  corridor.	  Journal	  of	  the	  North	  American	  
Benthological	  Society,	  12:	  48-­‐60.	  
Stock,	  B.C.	  and	  Semmens,	  B.X.	  2013.	  MixSIAR	  GUI	  User	  Manual,	  Version	  1.0.	  Accessible	  
online	  at:	  http://conserver.	  iugo-­‐cafe.	  org/user/brice.	  semmens/MixSIAR.	  
	  
Stofleth,	  J.M.,	  Shields	  Jr,	  F.D.	  and	  Fox,	  G.A.,	  2008.	  Hyporheic	  and	  total	  transient	  storage	  
in	  smal,	  sand-­‐bed	  streams.	  Hydrological	  Processes,	  22(12):	  1885-­‐1894.	  
	  
Storey,	  R.G.,	  Fulthorpe,	  R.R.	  and	  Williams,	  D.D.	  1999.	  Perspectives	  and	  predictions	  on	  
the	  microbial	  ecology	  of	  the	  hyporheic	  zone.	  Freshwater	  Biology,	  41(1):	  119-­‐
130.	  
Thibodeaux,	  L.J.	  and	  Boyle,	  J.D.	  1987.	  Bedform-­‐generated	  convective	  transport	  in	  
bottom	  sediment.	  Nature,	  325:	  341–343.	  	  
Tiegs,	  S.,	  Chaloner,	  D.T.,	  Levi,	  P.,	  Ruegg,	  J.,	  Tank,	  J.	  and	  Lamberti,	  G.A.	  2008.	  Timber	  
harvest	  transforms	  ecological	  roles	  of	  salmon	  in	  southeast	  Alaska	  rain	  forest	  
streams.	  Ecological	  Applications:	  A	  publication	  of	  the	  Ecological	  Society	  of	  
America,	  18:	  4-­‐11.	  	  
Tonina,	  D.	  and	  Bufington,	  J.M.	  2009.	  A	  three-­‐dimensional	  model	  for	  analyzing	  the	  
efects	  of	  salmon	  redds	  on	  hyporheic	  exchange	  and	  egg	  pocket	  habitat.	  
Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  Sciences,	  66(12):	  2157-­‐2173.	  
Triska,	  F.,	  Kennedy,	  V.C.,	  Avanzino,	  R.J.,	  Zelweger,	  G.W.	  and	  Bencala,	  K.E.	  1989.	  
Retention	  and	  transport	  of	  nutrients	  in	  a	  third-­‐order	  stream	  in	  northwest	  
California:	  Hyporheic	  processes.	  Ecology,	  70:	  1893-­‐1905.	  
	  
Vanden	  Busch,	  L.M.	  2015.	  The	  delivery,	  seasonal	  storage,	  and	  trophic	  transfer	  of	  
marine-­‐derived	  nutrients	  within	  a	  stream-­‐riparian	  ecotone	  [MSc	  thesis].	  
[Prince	  George	  (BC)]:	  University	  of	  Northern	  British	  Columbia.	  
	  
Vannote,	  R.L.,	  Minshal,	  G.W.,	  Cummins,	  K.W.,	  Sedel,	  J.R.	  and	  Cushing,	  C.E.	  1980.	  The	  







Vervier,	  P.,	  Bonvalet-­‐Garay,	  S.,	  Sauvage,	  S.,	  Valett,	  H.M.	  and	  Sanchez-­‐Perez,	  J.M.	  2009.	  
Influence	  of	  the	  hyporheic	  zone	  on	  the	  phosphorus	  dynamics	  of	  a	  large	  
gravel-­‐bed	  river,	  Garonne	  River,	  France.	  Hydrological	  processes,	  23(12):	  
1801-­‐1812.	  
	  
Wipfli,	  M.,	  Hudson,	  J.	  and	  Caouette,	  J.	  1998.	  Influence	  of	  salmon	  carcasses	  on	  stream	  
productivity:	  Response	  of	  biofilm	  and	  benthic	  macro	  invertebrates	  in	  
southeastern	  Alaska,	  USA.	  Canadian	  Journal	  of	  Fisheries	  and	  Aquatic	  Sciences,	  
55:	  1503–1511.	  	  
Withers,	  P.J.A.	  and	  Jarvie,	  H.P.	  2008.	  Delivery	  and	  cycling	  of	  phosphorus	  in	  rivers:	  A	  
review.	  Science	  of	  the	  Total	  Environment,	  400(1):	  379-­‐395.	  
	  
Wolman,	  M.G.	  1954.	  A	  method	  of	  sampling	  coarse	  river-­‐bed	  material.	  EOS,	  
Transactions	  American	  Geophysical	  Union,	  35(6):	  951-­‐956.	  
	  
Wondzel,	  S.M.	  2011.	  The	  role	  of	  the	  hyporheic	  zone	  across	  stream	  networks.	  
Hydrological	  Processes,	  25(22):	  3525-­‐3532.	  
	  
Wondzel,	  S.M.	  and	  Swanson,	  F.J.	  1999.	  Floods,	  channel	  change,	  and	  the	  hyporheic	  
zone.	  Water	  Resources	  Research,	  35(2):	  555-­‐567.	  
	  
Wotton,	  R.S.	  2007.	  Do	  benthic	  biologists	  pay	  enough	  attention	  to	  aggregates	  formed	  in	  
the	  water	  column	  of	  streams	  and	  rivers?	  Journal	  of	  the	  North	  American	  
Benthological	  Society,	  26(1):	  1-­‐11.	  
	  
Yabusaki,	  S.B.,	  Wilkins,	  M.J.,	  Fang,	  Y.,	  Wiliams,	  K.H.,	  Arora,	  B.,	  Bargar,	  J.,	  Beler,	  H.R.,	  
Bouskil,	  N.J.,	  Brodie,	  E.L.,	  Christensen,	  J.N.	  and	  Conrad,	  M.E.	  2017.	  Water	  
table	  dynamics	  and	  biogeochemical	  cycling	  in	  a	  shalow,	  variably-­‐saturated	  
floodplain.	  Environmental	  Science	  and	  Technology,	  51(6):	  3307-­‐3317.	  
	  
Zarnetske,	  J.P.,	  Haggerty,	  R.,	  Wondzel,	  S.M.	  and	  Baker,	  M.A.	  2011.	  Dynamics	  of	  nitrate	  
production	  and	  removal	  as	  a	  function	  of	  residence	  time	  in	  the	  hyporheic	  
zone.	  Journal	  of	  Geophysical	  Research,	  116:	  1-­‐12.	  
Zarnetske,	  J.	  P.,	  Haggerty,	  R.,	  Wondzel,	  S.	  M.,	  Bokil,	  V.	  A.	  and	  González-­‐Pinzón,	  R.	  2012.	  
Coupled	  transport	  and	  reaction	  kinetics	  control	  the	  nitrate	  source	  sink	  
function	  of	  hyporheic	  zones.	  Water	  Resources	  Research,	  48(11):	  W11508.	  
Zurr,	  A.F.,	  Ieno,	  E.N.,	  Walker,	  N.J.,	  Saveliev,	  A.A.	  and	  Smith,	  G.M.	  2009.	  Mixed	  Efects	  
Models	  and	  Extensions	  in	  Ecology	  with	  R.	  Springer,	  New	  York.	  
	  
	  
	  
	  
122	  
	  
	  
	  
	  
	  
	  
	  
	  
